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1. Het is goed mogelijk seizoensemissies van methaan uit rijstvelden te voorspellen met 
een vereenvoudigd procesmodel. 
Dit proefschrift 
j2. De beschikbaarheid van ruimtelijke agronomische informatie is meer limiterend voor 
i regionale methaanemissieschattingen dan de nauwkeurigheid van procesmodellen. 
' Dit proefschrift 
|3. Het veilig stellen van voedselzekerheid heeft een hogere prioriteit dan terugdringing 
| van het broeikasgaseffect bij het manipuleren van methaanemissies uit rijstvelden. 
i 
14. Emissiebeperkende maatregelen dienen ter plaatse van de emissie genomen te 
! wotden. 
i 
J5. De oorzaak van het mislukken van diverse 'extension programs' zit al in de naam. 
16. Aannames in wetenschappelijk werk zijn belangrijker dan de resultaten zelf. 
17. Onderzoek doen is als de vlinder van Lorenz. 
| 
18. Landen in ontwikkeling op het gebied van bestuur en beleid hebben de meeste baat 
: bij ontwikkelingshulp. 
9. In een modernistische organisatie verzandt beleid gericht op randvoorwaarden in 
meer regels. 
10. De enige passende infrastructurele uitbreidingen voor Nederland zijn die voor een 
kennisinfrastructuur. 
111. Nederlanders hebben geen teveel aan individuele vrijheid, maar hoogstens een tekort 
i aan schaamte. 
j 12. Juridificatie van het verzekeringswezen ondermijnt de samenleving. 
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Abstract 
Abstract 
This thesis describes model development and experimentation on the comprehension 
and prediction of methane (CH4) emissions from rice paddies. The large spatial and 
temporal variability in CH4 emissions and the dynamic non-linear relationships between 
processes underlying CH4 emissions impairs the applicability of empirical relations. 
Mechanistic concepts are therefore starting point of analysis throughout the thesis. 
The process of CH4 production was investigated by soil slurry incubation experiments at 
different temperatures and with additions of different electron donors and acceptors. 
Temperature influenced conversion rates and the competitiveness of microorganisms. 
The experiments were used to calibrate and validate a mechanistic model on CH4 
production that describes competition for acetate and H 2 / C 0 2 , inhibition effects and 
chemolithotrophic reactions. The redox sequence leading eventually to CH
 4 production 
was well predicted by the model, calibrating only the maximum c onversion rates. 
Gas transport through paddy soil and rice plants was quantified by experiments in which 
the transport of SF6 was monitored continuously by photoacoustics. A mechanistic 
model on gas transport in a flooded rice system based on diffusion e quations was 
validated by these experiments and could explain why most gases are released via plant 
mediated transport. Variability in root distribution led to highly variable gas transport. 
Experiments showed that CH4 oxidation in the rice rhizosphere was oxygen (OJ limited. 
Rice rhizospheric 0 2 consumption was dominated by chemical iron oxidation, and 
heterotrophic and methanotrophic respiration. The most abundant methanotrophs and 
heterotrophs were isolated and kinetically characterised. Based upon thes e experiments it 
was hypothesised that CH4 oxidation mainly occurred at microaerophilic, low acetate 
conditions not very close to the root surface. A mechanistic rhizosphere model that 
combined production and consumption of 0 2 , carbon and iron compounds with iron 
adsorption kinetics and diffusive transport in a rice plant and rhizosphere, confirmed this 
hypothesis. Oxidation of CH4 depended on acetate and 0 2 concentrations and on 
variables influencing competition between methanotrophs and chemical iron oxid ation. 
Oxidation of CH4 also depended on root growth dynamics and was intrinsically dynamic. 
The process-based concepts were simplified in a field scale model on CH
 4 emissions by 
dividing a rice paddy into a rhizosphere compartment and a bulk soil compartm ent. The 
field scale model was validated by independent CH
 4 emission measurements from fields 
in the Philippines, China and Indonesia in different seasons and with different inorganic 
and organic fertiliser additions. The model predicted CH4 emissions well with only few 
generally available site-specific input parameters. A sensitivity analysis showed that the 
model was very sensitive to the description of substrate supply. 
The field scale model was coupled to a Geographic Information System to scale up 
regional CH4 emissions from rice paddies, as was the aim of the overall project. Regional 
CH4 emission estimates were however affected by the applied interpolation technique 
and by data resolution effects in a case study for the island of Java, Indonesia. The 
scaling effects were induced by the combination of a loss of information on 
heterogeneities and by non-linear model responses. Data availability and not model 
uncertainty, which was small for the field scale model developed in this thesis, limits 
upscaling of CH4 emissions from rice paddies to regions. 
Bodegom, P.M. van (2000). Methane emissions from rice paddies; experiments and modelling. PhD thesis, 
Wageningen University, The Netherlands 
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General introduction 
1.1 Methane emissions and rice production 
The greenhouse effect 
Since the late 1980s there is an increased public concern on the impact of human 
activities on the environment. One of the issues is global warming; the enhanced 
greenhouse effect. The global climate is controlled by the balance of heating by incoming 
short-wave solar radiation and cooling by long-wave infrared radiation into space. Part of 
the outgoing infrared radiation is trapped by radiatively active gases, the so-called 
greenhouse gases. This leads to an increased global temperature; the basic greenhouse 
effect. Without this basic greenhouse effect, mean global temperature would be about -
18°C (Houghton et al., 1995), making life in its present form virtually impossible. 
The concentration of greenhouse gases in the atmosphere increases since the onset of 
industrialisation due to human activities. This enhanced greenhouse effect is of concern, 
because it may cause additional global warming, change weather patterns and cause more 
extreme weather events like storms, floods and droughts. The most important 
contributions to enhanced greenhouse effect are caused by carbon dioxide, CO
 2 (62%), 
methane, CH4 (20%) and nitrous oxide, N 2 0 (4%). Man-made chlorofluorocarbons 
(CFC's) also contribute to the enhanced greenhouse effect (Houghton et al., 1995). These 
are estimated values and the uncertainties in the estimates are large, although the 
greenhouse gases have been subject to many research projects since the late 1980s. The 
enhanced greenhouse effect is difficult to detect, because it is small compared to the 
background of the much larger basic greenhouse effect and because of the large natural 
variation in temperature and weather. Yet, 'the balance of evidence suggests a discernible 
human influence on global climate' (IPCC, 1995). Reducing or even stabilising 
greenhouse gas emissions will however most probably slow down economic growth or 
human welfare, which makes it politically difficult to carry out. 
Table 1.1: Estimated atmospheric methane budget in Tg CH4 yr1 (1 Tg=1012 g) 
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6 Chapter 1 
Global methane emissions 
Methane has been recognised as one of the principal greenhouse gases and methane 
concentrations doubled in the last century (a percentual increase larger than those of CO
 2 
and N20). Methane is not only a potent greenhouse gas, but it is also chemically active in 
the atmosphere influencing atmospheric concentrations of several important species like 
hydroxyl radicals (OH»), ozone and carbon monoxide (Cicerone and Oremland, 1988). 
About 2/3 of the current atmospheric methane sources is anthropogenic (Table 1.1), 
whereas its major sink, the reaction with OH« in the atmosphere, is only indirectly 
influenced by human activities. Although the individual sources of global methane 
emissions have been identified, there are large uncertainties in the individual source 
strength estimates (Table 1.1). This is mainly because experimental data show a large 
variation that is hard to relate to easily measurable variables due to interacting underlying 
processes, discussed below. The net atmospheric CH4 increase is estimated at 37 (35-40) 
Tg yr_1 (Houghton et al., 1995) and is probably related to rising human activities, among 
which rice production is very important. 
Rice production 
Rice is one of world's most important food crops and is the dominant food crop in the 
humid subtropics and humid and subhumid tropics. Rice growing systems are 
categorised into upland, irrigated, rainfed and deepwater rice. Upland rice fields 
contribute 14% to total rice production (Neue and Roger, 1994) and are never flooded. 
Deepwater rice, on the contrary, has long growing seasons with more than half a meter 
of water. Rainfed rice has an irregular water supply. In the last decades many rainfed rice 
fields have been transformed into irrigated rice fields to increase rice production. 
Irrigated rice is concentrated mainly in the humid and subhumid subtropics and humid 
tropics. It contributes to 76% of the global rice production on 54% of the rice harvested 
area (Neue and Roger, 1994). 
From 1951 to 1990 the harvested area of rice increased from 104 to 146 million ha and 
rice production increased even faster under influence of the green revolution; from 171 
to 519 million tons of rough rice (IRRI, 1991). The green revolution mainly affected 
irrigated rice systems that are now characterised by high cropping intensity and intensive 
use of agrochemicals, like pesticides and inorganic fertilisers. Improved rice varieties have 
been developed for irrigated rice lands. They have a short growth duration, relatively 
short stem, high tillering capacity and incorporated resistance to several biological stress 
factors and some tolerance for adverse soil conditions (Hossain, 1996). These 
characteristics allow multiple rice cropping per year. The change in harvested area, yield 
and adoption of improved rice varieties have been far from uniform across Asia (IRRI, 
1991). The determining factor for the adoption of improved rice varieties is the degree of 
water control (David and Otsuka, 1994). Rice cultivation environments with a lesser 
degree of water control have far more diverse conditions than described above for 
irrigated rice systems, ranging from aerobic to anaerobic, organically to inorganically 
fertilised and from tall traditional varieties to improved rice varieties. 
Methane emissions from rice fields 
Methane emission is the outcome of the balance between methane production, oxidation 
and transport (Segers, 1998). Methane production is a microbiological process, that 
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occurs when organic matter is degraded anaerobically and w hen most alternative terminal 
electron acceptors -nitrate, ferric iron and sulphate- have been depleted (Conrad, 1993). 
Flooded rice fields have anaerobic soil conditions. Methane oxidation is also a 
microbiological process and needs oxygen in addition to methane and occurs therefore 
only at aerobic/anaerobic interfaces. In rice fields, such interfaces exist in the 
rhizosphere (i.e. soil influenced by the nearby presence of roots) and at the soil -water 
interface. Methane transport can occur via diffusion, g as bubble release (called ebullition) 
and via the aerenchyma of vascular plants. Rice plants have such aerenchyma (e.g. 
Jackson and Armstrong, 1999). The three processes depend upon each other and are 
influenced by a number of interacting factors like water and nutrient management, 
vegetation (cultivar), soil characteristics and temperature. 
Wedand rice fields, and especially irrigated rice fields, thus provide favourable conditions 
for methane release. The first global estimate of the methane source stren gth of rice 
paddies was 190 Tg yr 4 and was based on anaerobic incubation of paddy soil samples 
(Koyama, 1963). Since then, many scientific efforts have been made to improve the 
upscaling technique (for a review, see Denier van der Gon et al. (2000)) with which 
global or regional emission estimates have been improved. The most recent global 
emission estimate, that considers different rice ecosystems, is 60 Tg yr (Table 1.1). 
However, this estimate is still highly tentative, as expressed by the large range (20-100 Tg 
yr1) in Table 1.1. 
1.2 The project 'upscaling and downscaling of regional methane sources' 
A more accurate estimate of methane emissions from some major sources is needed to 
reduce the uncertainty in the global methane budget. The project 'Up scaling and 
downscaling of regional methane sources- rice agriculture as a case study' started in 1995 
with as main objective to reduce the uncertainty in one major methane source. The 
project team consisted of air chemists, land use change modellers, agro nomists, soil 
scientists and microbiologists. The project was supported financially by the Dutch 
National Research Program on Global Air Pollution and Climate Change (NRP project 
no. 951202) and was co-ordinated by Hugo Denier van der Gon. 
Two regions where rice agriculture is the dominant methane source, were chosen for case 
studies, because i) rice paddies are an important anthropogenic source of methane, ii) this 
methane source is manageable and iii) the current source strength is highly uncertain. By 
improving the estimate from rice paddies, the uncertainty in the estimates for other CH
 4 
sources might be reduced as well. A better source strength estimate might also help to 
evaluate the impact and cost-benefit analysis of mitigation technologies. 
For this purpose, both a bottom-up scaling methodology (upscaling) and a top-down 
scaling methodology (downscaling) for methane emissions from rice paddies were 
applied and compared in this project. In the upscaling approach, small scale flux 
measurements were aggregated to a regional scale. In this project a field scale model on 
methane emissions from rice paddies was developed based on microbiological, plant 
physiological, soil chemical and soil physical processes. The model was used in 
combination with a Geographic Information System (GIS) for upscaling while 
accounting for scaling effects. The downscaling approach used atmospheric transport 
and chemistry to deduce information on methane sources and sinks from the temporal 
and spatial variation of atmospheric methane mixing ratios as measured by global air 
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sampling networks. In this project regional source apportionment was deduced by 
inverse modelling. Some of the variables controlling methane emissions from rice fields 
may change considerably on time scales larger than one season. For such variables, the 
rate of change and its impacts on emissions have to be quantified. For this purpose, 
temporal scaling -estimating past or future magnitudes based upon current estimates - was 
also included in the project. 
Direct validation of methane emissions at regional scales is hardly possible. Therefore, 
the different methodologies to estimate the methane source strength were compared to 
obtain a quantitative evaluation of the precision and reliability of the calculated sourc e 
strength estimates at the regional scale and to evaluate the scaling procedure itself. Such a 
comparison may help to constrain the source strength estimate and to cost -effectively 
reducing greenhouse gas emissions. 
1.3 This thesis 
This thesis is one out of three PhD theses that were written as part of the above 
mentioned project. The other two theses are on the downscaling approach (Houweling, 
2000) and on temporal scaling (Verburg, 2000). The aims of this thesis are: 
i) Development of a process-based model that can be coupled to a GIS for the 
calculation and prediction of methane emissions from rice paddies at a regional scale. 
Empirical relationships only explain part of the encountered variability in methane 
emissions (Walter et al., 1996) and are difficult to extrapolate beyond the region for 
which they were developed. Processes are reproducible and repeatable. A model applied 
at a regional scale thus needs to be process-based to allow better extrapolation 
possibilities to other regions and to limit the increase in uncertainty, 
ii) Understanding and quantifying the role of controlling factors affecting methane 
emissions from rice paddies by experiments and models. A mechanistic understanding 
allows the application of a process-based model under various environmental conditions 
(different soils or temperature regimes) and management practices (water, nutrient, rice 
crop growth and cultivar management), and can indicate how methane emissions will 
change under changing conditions (e.g. by mitigation). Experiments were designed and 
performed based upon literature analysis in combination with uncertainty analysis of 
available models. 
Most chapters of this thesis are to be published as individual research papers. Therefore, 
each of the chapters contains a separate introduction into the subject under 
consideration. In Chapter 2, the processes leading to methane emissions from rice 
paddies -methane production, oxidation and transport- are introduced, described and 
summarised in a computer model that predicts meth ane emissions at the field scale level. 
This model was developed so that only a few parameters, e.g. from a GIS, are needed to 
allow an emission calculation while the model is still process -based. These characteristics 
make the model suitable for upscaling purposes. A sensitivity analysis of the field scale 
model to regional input parameters is presented in Chapter 3. One of the attempts to use 
the model for upscaling purposes is described in Chapter 4 for the case study of the 
island of Java. Such an effort is important, because it couples models to databases and 
allows, using this combination, a better emission estimate. This integration of models and 
databases was one of the principal aims of the project, introduced above. A control of 
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spatial and temporal variability is a key issue in upscaling and is emphasised in this 
Chapter 4. 
The other chapters in this thesis, Chapters 5 to 9, deal with quantification of the 
underlying processes: methane production, oxidation and transport. The quantification 
was carried out by a combination of experiments and model development to deal 
efficiently with the gaps in knowledge and to remain close to the objectives. The 
processes leading to methane production are treated in Chapters 5 and 6. Chapter 5 
presents an experimental study on the effects of temperature and alternative electron 
acceptors on methane production. In Chapter 6, a mechanistic model on the processes 
determining methane production is presented and validated. The mechanisms of gas 
transport through a rice paddy system were investigated by experiments and mechanistic 
modelling (Chapter 7). The final process of importance, methane oxidation, is the subject 
of Chapters 8 and 9. An experimental basis for the process is treated first (Chapter 8) and 
then combined with information on methane production and methane transport to come 
to a mechanistic model that explains methane oxidation at a single root (Chapter 9). 
At first sight, an analysis of processes at a detailed scale may not seem appropriate for the 
overall aim of the project. There are however profound reasons that make such an 
analysis necessary for the aims of upscaling methane emissions to regional scales. Firstly, 
one has to be sure that the simplifications made in the field scale model are acceptable 
(to avoid that inappropriate regional estimates are made). Therefore, the outcome of the 
mechanistic models is compared with the description in the simplified model (Chapter 
10). Secondly, the interactions between the processes may lead to unexpected resul ts. It is 
important to consider these interactions to allow a general application of the field scale 
model. These interactions are an important reason for choosing a process -based 
approach instead of an empirical approach. Initial attempts to couple the pr ocesses are 
described in Chapter 9. Thirdly, understanding the underlying processes leading to 
methane emissions allows a more thorough and quantitative analysis of mitigation 
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A process-based model for methane emiss ion predictions from flooded 
rice paddies 
Abstract 
Estimation and prediction of methane emission from flooded rice paddies is 
impaired by the large spatial and temporal variability in methane emissions and 
by the dynamic non-linear relations between processes underlying methane 
emissions. This paper describes a process-based model on methane emission 
prediction from flooded rice paddies that can be used for extrapolation. The 
model is divided into two compartments; rhizosphere -which is a function of 
root length density- and bulk soil. The production of carbon substrates drives 
methane emission and originates from soil organic matter mineralisation, 
organic fertiliser decomposition -in both compartments- and root exudation and 
root decay -in the rhizosphere compartment only. It is assumed that the 
methanogens are completely outcompeted for acetate by nitrate and iron 
reducers, but that competition takes place with sulphate reducers. Produced 
methane is transported to the root surface in the rhizosphere or the soil-water 
interface in the bulk soil. Transport time coefficients are different for the two 
compartments. Part of the methane is oxidised; a constant fraction of produced 
methane in the bulk soil, whereas the oxidation fraction varies according to root 
activity dynamics in the rhizosphere. The remaining methane is emitted to the 
atmosphere. The model was validated with independent field measurements of 
methane emissions at sites in the Philippines, China and Indonesia with only few 
generally available site-specific input parameters. The model predicts methane 
emission dynamics and total seasonal methane emission for the sites, in different 
seasons and under different inorganic and organic fertiliser conditions. A 
sensitivity analysis on model assumptions showed that the assumptions made in 
this model are reasonable and that the division into two compartments was 
necessary to obtain good results -with this model. The combination of proper 
prediction and the necessity of few input parameters allows model application at 
regional and global scales. 
2.1 Introduction 
Methane is one of the principal greenhouse gases and rice paddy fields are among the 
most important sources of atmospheric methane (Houghton et al., 1996). Precise 
estimates of global methane emissions from rice paddies are however not available and 
depend on the approaches, techniques and databases used. One principal cause for 
uncertainties in global estimates results from the large intrinsic spatial and temporal 
variability in methane emissions. This variation in methane emissions is only pardy 
explained by correlations with environmental variables (Walter et al., 1996). This is 
attributed to the diurnal and seasonal dynamic and non-linear interactions between 
processes underlying methane emissions. A process-based model, quantifying the 
functional relationships between methane emissions and the most important underlying 
processes, methane production, oxidation and transport, may improve insight in these 
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relations and may thus contribute to a reduction of the uncertainties in global methane 
emission estimates from rice paddies. 
This paper presents a process-based model that predicts seasonal methane emissions 
from flooded rice fields that can be applied at large scales using Geographic Information 
System (GIS). Such a model must be simple —by lack of mechanistic knowledge-, 
balanced and process-based -to cope with encountered variability and to avoid site 
specific calibrations. In addition, such a model should use only a few site characteristics 
as input parameters to avoid an excessively high data demand for the GIS and to allow 
scenario analyses at a larger spatial and temporal scale. 
For this particular objective, other models on methane emissions from wetlands, 
including rice paddies -developed for different objectives and with different degrees of 
mechanistic detail- seem less suitable. Some models use methane emission data to 
parameterise empirical relations for some of the underlying processes (Hosono and 
Nouchi, 1997; Huang et al., 1998), which may be problematic for extrapolation to larger 
scales due to the non-linear interactions and the number of fitted parameters. Some more 
process-based models (Arah and Stephen, 1998; Walter et al., 1996) describe all processes 
as mechanistically as possible, although mechanistic knowledge on the spatial 
characteristics of driving variables, especially for methane production and gas transport, 
is scarce. Some parameters therefore have to be calibrated for each site specifically, 
particularly on methane production potential and plant transport characteristics. This 
necessary calibration limits the extrapolation possibilities of the models. Other process-
based models emphasise methane production, whereas the descriptions of methane 
oxidation and methane transport are highly simplified (Cao et al., 1995; James, 1993). 
The processes leading to methane emissions are highly different for the rhizosphere and 
the remaining part of the soil, the bulk soil (see section 2.1). In our model, the soil is 
therefore divided into two compartments, a rhizosphere and a bulk soil, without 
considering soil layers. This distinction allows an efficient and well-balanced approach 
for constructing a simple process-based model, because use can be made of the process 
differences between each compartment. With these two compartments, the variability 
can be decreased more efficiently than with a soil layer model, because differences 
between soil layers are smaller than differences between rhizosphere and bulk soil. The 
model was validated against independent experimental data collected by an automatic 
measurement system based on the closed chamber technique (Wassmann et al., 1994) in 
flooded rice fields at two sites in the Philippines, one site in China and one site in 
Indonesia, while using only generally available site specific parameters. A sensitivity 
analysis of the model was carried out to evaluate the assumptions made in the model. 
This sensitivity analysis was also helpful in obtaining insight in important gaps of 
knowledge. 
2.2 Model description 
Two model compartments: bulk soil and rhizosphere 
Methane emissions from rice fields are strongly influenced by the presence of the rice 
plants. Methane emissions are higher with than without rice plants (Holzapfel-Pschorn et 
al., 1986) and methane emissions are dominated by plant mediated emissions (Schiitz et 
al., 1989b). Recognition of the importance of rice plants has led to the development of 
correlative models between methane emissions and plant parameters (e.g. Sass et al., 
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1990; Watanabe et al., 1994), although such correlations could not always be found (e.g. 
Denier van der G o n and Neue, 1996; Watanabe et al., 1995a). For a better quantitative 
understanding of the rice plant influence, the various processes by which the plant 
modifies methane emissions must be considered. The model quantifies these different 
processes of plant influence in a separate compartment: the rhizosphere. All other 
processes leading to methane emissions occur in a bulk soil compartment. The processes 
occur independendy in both compartments outlined in Figure 2.1 and differ in some 
characteristics for the compartments: Organic matter in the rhizosphere is not only 
released by soil mineralisation and straw and stubble decomposition, but also by root 
exudation and root decay. Methane is transported by plant mediated transport in the 
rhizosphere, while ebullition and diffusion are the major transport routes in the bulk soil. 
The oxygen used for methane oxidation in the rhizosphere comes from Root Oxygen 
Release (ROL), whereas oxygen enters the bulk soil by diffusion through the soil-water 
interface. Before describing these processes in more detail, the distribution of the soil 
between the compartments during the season is treated. 
transport time coeff. 
in bulk soil: 
soil mineralisation 
straw and stubble decomposition 
in rhizosphere: 
soil mineralisation 
straw and stubble decomposition 
root exudation 
root decomposition 
Figure 2.1: Relational diagram of the flow of carbon for each compartment in the model 
The rice crop influences the processes underlying methane emissions via its roots. In 
general, the uptake and release of solutes and gases depend on the root length density 
(RLD) (Armstrong and Beckett, 1987; Kirk and Solivas, 1997). RLD is empirically related 
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to its maximum root length density (RLDmal) based on data by Beyrouty et al (1988), 
Drenth et al. (1991), Kang et al. (1995), Slaton et al. (1990) and Teo et al. (1995) and 
fitted by minimising the Mean Square Error (MSE) to a cumulative logistic growth curve 
up to RLDmax and an exponential decrease after KLDaax (Figure 2.2) as from that moment 
on roots start to decay: 
RLDm™ RLD=-
RLD 
l + Ke-rgrnme 
For RLD < RLD,. 
, -k^time' - time'^,, ) p Q r J ^ Q > K T J ) (2.1) 
\ + Ke~rgr,ime'm°r "" 
in which time' is the relative time (time divided by the total length of the plant growing 
season) and rgr (relative growth rate), K ((RLDm„-RLDt=0)/RLDt=0), k„„ (relative root 
mortality rate) and time'mor (relative time at which roots start to die) are dimensionless 
empirical parameters (Table 2.1). 
0 0.2 0.4 0.6 0.8 1 
time (relative to the time to harvest) 
Figure 2.2: Time course of relative root length density during the growth of the rice crop as 
derived from literature (crosses; Beyrouty et al. (1988), filled diamonds; Drenth 
et al. (1991), filled triangles; Kang et al. (1995), pluses; Slaton et al. (1990), open 
squares; Teo et al. (1995)). Time is taken relative to the time of harvest. If there 
are no data on the length of the season, the length of the growing season is 
estimated from data on climate and cultivar. 
At good crop performance and at normal plant densities, almost all methane is emitted 
via the plant around RLD^, (Schiitz et al., 1989b; Wassmann et al., 1996a). It can thus be 
assumed that the fraction of the soil under influence of the rhizosphere compartment 
{F_rhi^psphere) is a function of KLDmai;. 
RLD 
F_ rhizosphere = (2.2) 
RLDmm 
With a change in RLD during the season, the contribution of the rhizosphere 
compartment changes. F_rhi%osphere is zero in absence of plants, i.e. before transplanting. 
The fraction of the bulk soil is one minus F_rhispsphere. The model is not subdivided into 
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different soil layers, as initial soil conditions are constant throughout the soil upto the 
rooting depth by puddling. Heterogeneities with depth formed during the season under 
influence of the rice plant are accounted for by the development of the rhizosphere 
compartment. All compounds are expressed in local within-compartment concentrations 
and are thus not affected by such heterogeneities. Methane transport rates may be 
affected by the use of depth-averaged parameter values. This has no large implications as 
the model is not sensitive to transport parameter values (Chapter 3). 
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Carbon substrate production 
Methane emissions are driven by the production of a carbon substrate, mainly acetate, 
C0 2 /H 2 and formate (in mol C m"3 s'), for methane production. Carbon substrates are 
produced by anaerobic soil organic matter mineralisation and decomposition of added 
organic material (in both compartments) and by root exudation and root decay (in the 
rhizosphere compartment only). These production rates need to be modelled explicitly to 
allow the prediction of methane emissions. It is assumed that carbon substrates are 
converted in the same compartment as they are produced. This seems reasonable as the 
turnover time of C0 2 /H 2 and probably for formate as well is around 1 minute (Conrad 
et al., 1989a,b). The turnover time of acetate, and thus the possibilities for transport and 
exchange between compartments, is larger. In absence of plants and at the start of the 
season, when methane production and the rhizosphere compartment are very small, 
turnover times of acetate are 10-16 hours (Krumbock and Conrad, 1991; Schiitz et al., 
1989a; Sigren et al., 1997), which is equivalent to a maximum diffusion distance of about 
7.5 mm. When methane production is important and when exchange may occur, i.e. 
while the rhizosphere compartment is well developed, turnover times of acetate are less 
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than 1.5 hours; max. 2 m m (Sigren et al., 1997). 
Anaerobic soil organic matter mineralisation releases small organic compounds by the 
breakdown of soil organic matter. Soil mineralisation rates are not constant, but decrease 
during the season due to a decrease in easily accessible organic material. This can be 
taken into account by the use of a multi-component model in which organic substrates 
are partitioned into several components according to their resistance to mineralisation. 
Each component follows first-order kinetics but with a different relative decomposition 
coefficient (e.g. Jenkinson et al, 1992; Parton et al., 1987). The principal problem with 
such models is that the quantities of the individual components cannot be determined 
directly by analytical fractionation procedures (Paustian et al., 1992). As a consequence, 
the components have to be reconstructed indirectly by fitting. An alternative approach is 
to define one pool of substrates, but decrease its relative mineralisation rate over time 
(Yang, 1996). The 2nd approach needs fewer parameters to describe mineralisation, P„i,(in 
mol C m 3 s°), and is independent of whether the systems is aerobic or anaerobic. This 
approach was therefore used as default in this study and leads to (Yang, 1996): 
(2.3) 
(2.4) 
-Kj . time 
in which Cmjn is the soil organic carbon pool (mol C m"3) and: 
KdBkt = *min • time'11™ 
Rw„ (sSmml) and Smi/I(-) are parameters that have to be determined experimentally. 
Temperature influence on mineralisation rates is described using a Qt0 value, defined as 
the relative increase in reaction rates at a temperature increase of 10°C: 
T-Tref 
— (2.5) = Pm hef •G,o io 
The reference temperature (TJ) in this study is 30°C. For a rice soil the R ^ , Smk and Qn 
ate taken from soil incubation studies (Chapter 5) by minimising MSE (Table 2.1). 
20 30 40 
time (days) 
50 100 150 200 250 300 
measured cumulative mineralisation 
(mol Cm3) 
Figure 2.3: a) Calibrated (based upon Eq. 2.3-2.5) (lines) and measured cumulative 
mineralisation in an incubation study with rice paddy soil at 14 °C (crosses), 20 
°C (filled squares) and 30°C (open triangles), b) Validation of the calibrated 
mineralisation model with independent data presented by Tsutsuki and 
Ponnamperuma (1987) (triangles) and Inubushi et al. (1997) (circles). 
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Measured and calculated mineralisation rates at different temperatures are depicted in 
Figure 2.3a. The same empirical parameter values can describe anaerobic soil 
mineralisation rates in rice paddy soils presented by Tsutsuki and Ponnamperuma (1987) 
and Inubushi et al. (1997) (Figure 2.3b). It is therefore concluded that this description 
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Figure 2.4: Decomposition constants for the decomposition of rice straw calculated from 
literature after different incubation periods (crosses; Watanabe (1981), pluses; 
Neue and Scharpenseel (1987), open diamonds; Murthy et al. (1991), open 
squares; Acharya (1935), filled triangles; Watanabe et al. (1998), filled circles; 
Singh et al. (1992), open circle; Saini (1989)). 
Organic fertilisers are sometimes added as extra substrates in rice paddies. The most 
common organic fertilisers are green manure and rice straw. Organic material from the 
previous crop, stubble and dead roots, is an additional source of organic material. The 
decomposition of such compounds, V,ttt (in mol C m"3 s"1) is usually described as a first-
order decomposition rate: 
(2-6) Pfert - Cfert 
Kj
 f • (time-t _ added) 
afert 
in which C/trt (mol C m"3) is the organic fertiliser applied at time t_added (s) and KdfM (s1) 
the relative decomposition rate is considered as a constant. Analysis of data on Kd ,lr, for 
rice straw(Acharya, 1935; Murthy et al., 1991; Neue and Scharpenseel, 1987; Saini, 1989; 
Singh et al., 1992; Watanabe, 1984; Watanabe et al., 1998) shows however a clear 
relationship between incubation period and KiJirt (Figure 2.4). The decomposability of 
organic material changes with time. T o account for this change, the decomposition rate 
of organic fertilisers is described similarly to the soil mineralisation rate with R^rt and Sftrt 
instead of using Eq. 2.6: 
fe
" (2.7) (l-S fert>Kdfm-e 
KA , (time-t _added) .gf 
df<n z.n&Kdferi = Rferttime!"' 'fert - ^ fert ' 
Kf,„ and Sferl were determined for rice straw by minimising the MSE for the data in Figure 
2.4 (Table 2.1). Other organic fertilisers will have different values for R ^ a n d SfM. Organic 
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fertiliser decomposition rate is assumed to have aQ10 oil. 
Root exudation is passive and active release of carbon compounds from the rice roots 
into the soil. Root exudation changes during the season and is affected by environmental 
conditions. Mineral deficiencies (Kludze and Delaune, 1995b) and low radiation intensity 
(Butterbach-Bahl, 1992) decrease root exudation, while root exudation increases under 
the influence of a low redox potential (Sass and Fisher, 1995), drought stress (Turner, 
1986) and in the presence of organic fertilisers (Sass et al., 1991b). However, quantitative 
information on these influences is scarce and can therefore not be incorporated in the 
model. Only information on a well growing cultivar IR72 (Kludze, pers. comm.; Minoda 
and Kimura, 1994; Minoda et al., 1996; Lu et al., 1999) is available to construct a gaussian 
curve -by minimising MSE- that describes the change in root exudation rate, PCX7I (mol C 




exu +Aexu exp(-0.5-((time-time'max )/<r)2) (2.8) 
in which B M is the baseline root exudation rate at transplanting and Alxu is the maximum 
increase in root exudation rate. This maximum is obtained if the time'—time'max and the 
relative rate of change to and from the maximum is expressed by (7 (Table 2.1). This 
curve can thus describe the decrease in root activity after anthesis, but may apply only to 
IR72. A change in the size of the rhizosphere compartment also influences the total 
amount of root exudation in the soil as root exudation rate is expressed per m3. 
0.2 0.4 0.6 0.8 
time (relative to the time to harvest) 
Figure 2.5: Fitted and measured root exudation rates from a IR72 rice cultivar at different 
moments during the growing season (crosses; Kludze pers. comm., open 
diamonds; Minoda et al. (1996), filled triangles; Minoda and Kimura (1994), 
filled circles; Lu et al. (1999)). 
Finally, organic substrates can be produced by rice root decay. This is mainly important 
at the end of the season, as can be seen from the change in the size of the rhizosphere 
compartment (Figure 2.2). As quantitative data are scarce, root mortality is determined 
from this curve as a first-order decay with kmw as exponent starting at time'ml. Root 
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decomposition (in mol C m ' s"1), releasing carbon substrates, is also approached by a 
first-order decay: 
p
rooi = Kdroot- (pool of dead roots) (2.9) 
Kj
 root is the decomposition constant for roots (Table 2.1), estimated from Saini (1989) 
and is assumed to have &QW of 2. Changes in the. pool of dead roots (in mol m"3) is equal to 
the difference between root mortality and root decomposition rates. 
Methane production 
Some simplified models (e.g. Cao et al, 1995) relate methane production to the redox 
potential (Eh) to avoid a difficult mechanistic description of methane production. There 
are several reasons not to choose the easily measurable parameter Eh as a determining 
parameter in this model: 1) Eh is the resultant of all kinds of compounds, which makes it 
difficult to investigate specific effects e.g. the addition of inorganic fertilisers or dynamic 
water tables in rainfed systems. 2) Eh is a spatially averaged value, not taking into account 
gradients of electron acceptors or other heterogeneities. 3) Methanogens, methane 
producing bacteria, are able to modify Eh to generate a favourable environment (Fetzer 
and Conrad, 1993). 4) The critical Eh value for methane production varies considerably 
from +150 to -200mV (Devai and Delaune, 1996; Masscheleyn et al., 1993; Mayer and 
Conrad, 1990, Peters and Conrad, 1995; Wang et al., 1992; 1993) and seems to vary with 
the type of electron acceptors present in the soil. All these values are far below the 
threshold value of +420 mV given by Fetzer and Conrad (1993). 5) Eh is hard to predict 
as Ratering and Conrad (1998) showed that concentration changes in iron(II) and 
especially in sulphate did not follow Eh changes. 
Therefore an approach is chosen in which the underlying parameters and processes itself 
are used: It is assumed that all available substrate is consumed directly either by 
methanogens or by other anaerobic bacteria using alternative electron acceptors (all 
conversion rates in mol m"3 s"1). No severe substrate accumulation occurs, which seems, 
based on experimental data (e.g. Achtnich et al., 1995b; Rothfuss and Conrad, 1993), 
reasonable in periods that methane production is predominant. 
Simulation time starts after flooding the soil and thus is oxygen absent in the bulk soil. 
Oxygen concentrations in the rhizosphere are low (Gilbert and Frenzel, 1995) and it is 
assumed that these concentrations are too low to inhibit methane production or to allow 
reoxidation of electron acceptors or aerobic respiration. It is assumed that all oxygen is 
consumed by methane oxidisers, which can operate at these low oxygen concentrations 
because of their high affinity for oxygen (Frenzel et al., 1990). NO, is thus the first 




in which VNO, is a stoichiometry factor for the carbon substrate needed to reduce NO," 
and 2Px=Pmm+Pfett or lPx=Pmin+Pfclt+P«u+PIoo, for the bulk soil and rhizosphere, 
respectively. After N03", Fe(III) is reduced: 
W±---VFelPx (2.10b) 
dtime 
Methanogens and sulphate reducers are outcompeted by nitrate reducers (Achtnich et al., 
1995a; Westermann and Ahring, 1987) and by iron reducers (Lovley and Phillips, 1986; 
1987). In addition, methane production is inhibited by accumulated NO and N 2 0 
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(Kluber and Conrad, 1998). Methane production and sulphate reduction therefore start 
after N O , and Fe(III) disappearance. Sulphate reducers outcompete methanogens for 
H 2 / formate, but some competition is possible for acetate (Achtnich et al., 1995a; 
Westermann and Ahring, 1987). In addition H2S can inhibit methanogenic activity at high 
concentrations. All these interactions are summarised by: 
W 2 _ 1
- ^ ^ I ^ (2.10c) 
dtime ISO*2 [ « V ],=o 
2-n 2-d[CH4] [SO^]t=0-[SO4 ]T.n 
= VCH4 ; L,'x~ CH4 _transport_rate (z . l la) 
dtime
 [ s o 4 2 - ] r = 0 
After all alternative electron acceptors have been reduced, all substrate is converted by 
methanogens: 
=VCH4 ' X Px ~ CH4 - transport _ rate (2.11b) 
dtime 
The CH^transport_rate is treated in next section. Eq. 2.10 and 2.11 are independent of the 
mechanism involved in the inhibition of methane production, whether it is by specific 
inhibition, by competition or by a methanogenic biomass limitation at the start of the 
season. The model does not specifically incorporate p H effects, as soil p H changes are 
highly correlated to E h changes (Tsutsuki and Ponnamperuma, 1987). After alternative 
electron acceptor depletion, soils have a p H of around 7 (Tsutsuki and Ponnamperuma, 
1987), at which methanogenesis is around its opt imum value (Minami, 1989; Wang et a l , 
1993). Inhibiting effects by salinity are not treated either, as such effects happen under 
extreme conditions only (Denier van der G o n and Neue, 1995b). 
Under aerobic conditions, methane production stops and reduced electron acceptors (e 
accn^ are reoxidised. Reoxidation rates (reoxi_rati) (in mol m~3 s"') of ferrous iron, sulphide 
and FeS are described by first order kinetics: 
reoxi_rate = kreox • \e~accred] (2.12) 
in which knexis the relative reoxidation constant of 1.27 10'4 s"1, 5.6 1CT6 sA and 7.6 10 7 s' 
for ferous iron, sulphide and FeS, respectively (Chapter 3). Other reoxidation processes 
are not treated for reasons given elsewhere (Chapter 3). 
Methane transport 
In the model, produced methane is transported to an anaerobic/aerobic interface; the 
root surface in the rhizosphere compartment or the soil-water interface in the bulk soil 
compartment. Different transport mechanisms of gases in rice paddies, plant mediated 
transport, diffusion through the soil and ebullition, to these interfaces are lumped into a 
transport time coefficient, T, which is the average period (in s) between production and 
the moment of reaching the interface: 
C//4 _ transport _ rate = (2.13) 
T 
in which (CH4) is the methane concentration (in mol m"3) in a compartment. Transport 
time coefficients depend on path length and diffusion coefficient, which are assumed to 
be constant under flooded conditions. The T*s differ for each compartment. Eq. 2.13 
implies that methane produced in one compartment cannot leave the system through an 
other compartment. In reality, some methane produced in the bulk soil may however 
leave the system through the plant if the roots capture gas bubbles formed in the bulk 
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soil. Diffusion calculations taking into account transport resistances indicate that 
methane transport from bulk soil to rhizosphere will be small (data not shown). Even if 
such exchange occurs, it will automatically be taken into account as experimental data are 
used to estimate this time coefficient. The opposite will not occur because transport 
through the plant is faster than transport through the soil. 
In the rhizosphere compartment, transport will mainly take place via plant mediated 
transport. The time coefficient for plant mediated transport was found to be smaller than 
3 hours after the introduction of a temperature change (Sass et al., 1991a) and 2-3 hours 
after an introduction of a change in light conditions (Byrnes et al., 1995), respectively. 
The Trf/,0^ fc„ is thus set at 2.5 hours in the model (Table 2.1). 
There are no data available from which the time coefficient of transport by ebullition or 
diffusion through the bulk soil can be calculated directly. However, Watanabe and 
Kimura (1995) and Kimura and Minami (1995) calculated, using the same dataset, that 
the maximum period between methane production and emission was 11-14 days at the 
start of the growing season. At the start of the season, transport through the soil 
dominates the methane transport completely (Schutz et al., 1989b; Wassmann et al., 
1996a). In the model, it is therefore assumed that Thlllk is 12.5 days (Table 2.1). From the 
large difference in time coefficients of the two compartments and the seasonal change in 
contribution of the compartments (Eq. 2.2), the seasonal trends in conductance (Hosono 
and Nouchi, 1997) and in turnover times (Watanabe and Kimura, 1995; Kimura and 
Minami, 1995) can be calculated and understood. 
In an aerobic period, at drainage, Thlllk decreases as more pores for transport become 
available, releasing entrapped methane to the atmosphere. This results in a fast release of 
methane at the start of drainage that tails off afterwards. This change in Xbulk during the 
release can be described by an empirical beta function: 
. (v-l).i.(w-l)! 
releasejnme. 
Tbulk = —, —T (2-14) 
r_timev l.(l- r_time)w~l 
in which release_time is the period of methane release (7 days), v (5) and w (8) determine 
the curve shape and are estimated from Denier van der Gon et al. (1996). r_time is 
time/release_time, between 0 and 1. 
Methane oxidation 
At aerobic/anaerobic interfaces part of the methane is oxidised to C0 2 by 
methanotrophic bacteria in the presence of oxygen. Anaerobic methane oxidation is 
neglected for reasons given in Chapter 3. Methane oxidation can be measured by a mass 
balance approach, comparing potential methane production in the absence of oxygen 
with the actual plant mediated methane emission (e.g. Holzapfel-Pschorn et al., 1985; 
Sass et al., 1992). This method overestimates methane oxidation as methanogenic activity 
is enhanced in such anaerobic incubations. Estimates with this method are much higher 
than those obtained by in-situ experiments with 100% N2, while these experiments 
produce an upper boundary for methane oxidation estimates (Denier van der Gon and 
Neue, 1996). The second commonly used method is to measure methane oxidation in 
presence of specific inhibitors of methanotrophic activity. Problems with this method are 
that various inhibitors also partly inhibit methane production (Frenzel and Bosse, 1996; 
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Oremland and Culbertson, 1992; Oremland and Taylor, 1975) and that the higher oxygen 
concentrations in the soil can also reduce methane production in various ways. These 
interfering effects seem to be limited in short-term incubations (King, 1996) and 
estimates obtained by this method are not higher than those obtained by in-situ 
experiments with 100% N2. Therefore specific inhibitor experiments are used to estimate 
methane oxidation. 
Methane oxidation is limited by oxygen availability. Oxygen is released into the 
rhizosphere through ROL, which changes during the season (Kludze et al., 1994; 
Satpathy et al., 1997; Wang et al., 1997) as a function of root activity. Seasonal changes in 
root exudation rates also depend on root activity. Therefore, a similar gaussian curve as 
for root exudation (Eq. 2.8) is chosen for methane oxidation in the rhizosphere, 
adjusting parameter B and A (Table 2.1) such that the seasonal average oxidation in the 
rhizosphere equals to the average found by use of specific inhibitors, which is 32±8% of 
methane produced (Banker et al., 1995; Bosse and Frenzel, 1997; 1998; Denier van der 
Gon and Neue, 1996; Epp and Chanton, 1993; Gilbert and Frenzel, 1995; Sigren et al., 
1997; Tyler et al., 1997). As this curve depends on root activity, which may be cultivar 
dependent, it may only be appropriate for IR72. 
Oxygen diffuses into the bulk soil at the soil-water interface. At this interface, where 
methane and oxygen gradients meet, methane oxidation rates are high and fairly constant 
at 70-95% of the locally produced methane (Banker et al., 1995; Butterbach-Bahl et al., 
1997; Conrad and Rothfuss, 1991; Epp and Chanton, 1993; Gilbert and Frenzel, 1995; 
Schiitz et al, 1989b). However, only 10-20% of the methane emission from the bulk soil 
passes this soil-water interface by diffusion (Rothfuss and Conrad, 1993; Schiitz et al., 
1989b). The remaining emission from the bulk soil is transported by ebullition. Gas 
bubbles for ebullition are formed in anaerobic soil and hardly comes into contct with 
oxygen during transport to the atmosphere and will thus not be oxidised. Therefore, only 
diffusive flux through the soil can lead to methane oxidation. The average fraction that is 
oxidised the bulk soil can be calculated from these arguments at 37+19% of the 
produced methane, based on the data above. This fraction is not significantly different 
from the oxidation of 28+11% of produced methane transported by ebullition and 
sediment diffusion, calculated by Tyler et al. (1997). 
The remaining methane from each compartment is directly released from the interface 
into the atmosphere, thus assuming no transport limitation inside the plant or in the 
water layer on top of the soil. Methane emission is calculated as the sum of the methane 
released from the rhizosphere and the bulk soil. The model was written in FST (Rappoldt 
and van Kraalingen, 1996) and is available upon request. 
2.3 Model validation 
For model validation, model performance was compared to field data on daily methane 
emissions collected at various sites: Maligaya (MA) of the Philippine Rice Research 
Institute, Los Banos (LB) of the International Rice Research Institute in the Philippines, 
Beijing (BG) of the Institute of Crop Breeding and Cultivation in China and Jakenan (JK) 
of the Central Research Institute for Food Crops in Indonesia (Figure 2.6). Diurnal 
pattens in methane emissions cannot be predicted by the model, given its objectives and 
simplified nature. At all sites methane emissions were measured with an automatic closed 
chamber technique described in detail by Wassmann et al. (1994). Site specific 
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experimental conditions are described elsewhere (Metra-Corton et al., 1995; Metra-
Corton et al., 2000, Buendia et al, 2000; Setyanto et al., 2000; Wang et al., 2000). 
Table 2.2: Site specific input parameters 
Soil carbon content (%) 
Dithionite extractable iron (%) 
Daily temperature (°C) 
Rice cultivar 
Yield (tons ha1) 
Water management 









































All process parameters were kept at the constant values presented in Table 2.1 for all 
model runs. These values were not derived from the experimental data used for 
validation. These experimental sites represent therefore a truly independent validation of 
the model. All site specific input parameters are shown in Table 2.2. Soil organic carbon 
and dithionite extractable iron can be found in soil maps. Daily temperature was 
measured at the site, but can in general be found in weather inventories. The rice cultivar 
was in all cases IR72, because this is the only variety for which root activity data are 
known. Fertilization, water management and length of the growing season were obtained 
from the site, but can in general be found in agricultural databases. All sites were drained 
at the end of the season. All site specific parameters can thus be obtained from generally 
available databases, facilitating extrapolation of this process-based model for use in 
regional and global studies. All other parameters were always kept at their default values 
presented in Table 2.1. 
The model was validated under various conditions. Two seasons for Maligaya, wet season 
1994 (MA94) data and wet season 1996 (MA96) data, were used in the validation set to 
test the representation of interseasonal variations in methane emissions by the model 
(Figure 2.6a,b). The model predicted well the different methane emissions in both 
seasons, which occurred mainly under influence of different temperatures. The effects of 
organic fertilisation, in this case rice straw, was tested at various sites; at Maligaya 
(compare Figure 2.6b and 2.6c), Los Banos (compare Figure 2.6d and 2.6e) and at Beijing 
(compare Figure 2.6g and 2.6h). The addition of straw, and thus of extra carbon 
substrate, causes a tremendous increase in methane emissions especially during the 1st 
half of the season. The model could well predict well both the magnitude and the timing 
of methane emission increase. The total increase is slightly underestimated at Los Banos 
and slightly overestimated at Beijing, but the differences with measured methane 
emissions are not significant (at P<0.05). The performance of the model with a different 
inorganic fertiliser than urea. CO^LLJj, was tested by including a treatment with 
(NH4)2S04. Sulphate additions reduce methane production as described by Eq. 2.10 and 
lead to a reduction in both measured and modelled methane emissions (compare Figure 
2.6e and Figure 2.6f). The inhibiting effects of sulphate were slightly underestimated by 
26 Chapter 2 
the model, which is probably due to the neglect of the recycling of sulfurous compounds 
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Figure 2.6: Model validation. Comparison of measured (pluses) and modelled (lines) 
methane emissions at different locations, with different seasons and treatments 
for a) MA 94 control, b) MA 96 control, c) MA 96 with straw, d) LB 97 with 
straw, e) LB 97 control, f) LB 97 with (NH4)2S04, g) BG 97 control, h) BG 97 
with straw and i) JK 96 control. Note the different scales at the y-axes. j) 
Comparison of modelled seasonal methane emissions and measured seasonal 
methane emissions. 
In the validation set, four sites in different countries differing tremendously in soil 
characteristics but with the same management and rice cultivar were compared (Figure 
2.6b,e,g,i). Both the absolute amounts and the patterns in the highly different methane 
emissions at the various sites could be well predicted by the model. Only the methane 
emissions predicted for BG97 were significantly higher (at P<0.05) than the measured 
methane emissions, but BG97 control was a very low emitter and this overestimation will 
thus hardly influence model estimates if the model is extrapolated to regional scales. 
In all situations, except for BG97 control, the seasonal patterns in methane emission 
during the rice growth season were well described by the model and not significantly 
different from measured values (at P<0.05). The various under- and overestimations by 
the model had no significant pattern across sites or treatments (at P<0.05) and are 
probably caused by heterogeneities or sites specific characteristics not captured by the 
model —given the fact that all process parameters were kept constant during all 
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validations. Modelled seasonal methane emissions did not differ significandy (at P<0.05) 
from measured seasonal methane emissions (Figure 2.6j) and had a coefficient of 
variation of only 8% with the measured emission and a Pearson correlation coefficient of 
0.95, while emissions varied up to 2 orders of magnitude. 
2.4 Sensitivity analysis on model assumptions 
During the development of a process-based model some assumptions are made on 
process descriptions. In this section, we evaluate the influence of different model 
assumptions mentioned in section two. The most important assumption of the described 
model is that the importance of rice plants on methane emissions is large enough to 
justify a distinction between a rhizosphere and a bulk soil compartment. This assumption 
was tested by reformulating the model with one compartment with a uniform 
distribution of carbon substrates, while keeping the total carbon release equal to the 
default model. Transport was spatially averaged by applying an average T to Eq. 2.12. An 
average methane oxidation fraction was derived from the oxidation fraction of both 
compartments. The results are presented in Figure 2.7a,c,e. Seasonal methane emissions 
increase 20-52% if one compartment is used, while total carbon substrate relaese was 
taken the same in both models. Methane emissions increase especially in the middle of 
the season, when methane oxidation in the rhizosphere is the largest. This influence by 
ROL dynamics is taken away in the one-compartment model, leading to poorer methane 
emission predictions. 
Indirect support for the distinction between a rhizosphere and a bulk soil was obtained 
by showing the contribution of the bulk soil and of the rhizosphere to the overall 
methane emission. The independent estimate of ebullition -taken as the emission from 
the bulk soil- can be used to validate the concepts of the model by comparison with 
measured ebullition data. Results of the model are shown in Figure 2.7b,d,f for the same 
experiments as presented in Figure 2.7a,c,e. Both modelled and measured ebullition have 
their highest contribution at the start and end of the season, when plant influence is 
small. Modelled ebullition contributed 15-22% to the total methane emission at 
treatments with inorganic fertiliser additions -with two examples in Figure 2.7b,d- which 
is a reasonable value if no extra organic fertilisers are added (Byrnes et al., 1995; Nouchi 
et al., 1994; Schutz et al., 1989b). With the addition of extra rice straw, ebullition 
contributed 32-53% to the total methane emission and was 39% in MA96 (Figure 2.7f). 
These estimates are also comparable to sites to which organic fertiliser was added 
(Denier van der Gon and Neue, 1995a; Wassmann et al., 1996a). Moreover, the overall 
conductance, which can be calculated from the compartment contributions and their 
respective transport time coefficients, shows the same trends and has the same order of 
magnitude as the conductance presented by Hosono and Nouchi (1997). Unfortunately, 
an exact comparison is not possible, as Hosono and Nouchi (1997) did not present the 
number of shoots at each sampling. These results show that the model can predict 
methane transport characteristics, and that the division into two compartments yields a 
reasonable methane transport description. 
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Figure 2.7: Model sensitivity with (thin lines) and without (thick lines) the distinction of an 
explicit rhizosphere for a) Ma 96 control, c) LB 97 control and e) LB 97 with 
straw. In figures b, d and f, the modelled ebullition (thick lines) and modelled 
total methane emission (thin lines) are compared to data for total emission 
(pluses) and ebullition (triangles) for MA 96 control, LB 97 control and LB 97 
with straw, respectively. 
One of the most sensitive factors influencing methane emissions from rice paddies is the 
production of carbon substrates (Chapter 3). If no extra straw is added, the contribution 
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of soil organic matter mineralisation to total carbon substrate release varies from 45% at 
the low soil carbon site Jakenan to 68% at the high carbon site Los Banos. The 
remainder is either directly —via root exudation and root decomposition- or indirectly — 
via rice straw- derived from plants. Given the importance of soil mineralisation, it is 
unfortunate that no mineralisation model has been developed specifically for anaerobic 
conditions. In this study, the general model described by Yang (1996) was used as default 
in this study as the description is independent of aerobic or anaerobic conditions and 
because it uses the least number of parameters. Two other mineralisation models were 
used to test the effect of soil mineralisation description on methane emission predictions: 
1) a two-pools model and 2) the CENTURY model (Parton et al., 1987), which was 
applied by Cao et al. (1995). 
The two-pools model assumes that soil organic carbon consists of two pools, each with a 
constant relative decomposition rate. The two pools do not interact and the sum of the 
pools is equal to the total soil organic carbon content. With this two-pools model Eq. 2.3 
& 2.4 simplify to: 
m^in = C,™ • (Ffasl • Kfasl • f****" + (1- F / ^ ) . ^ . «-**•,*«) (2.15) 
in which Ffast (-) is the fraction of the organic matter pool that is assigned to the fast pool 
and K ^ and K ^ are decomposition constants (s1) of the fast pool and the slow pool, 
respectively. These three parameters were all fitted (Figure 2.8a) to experimental data 
from soil incubation studies (Chapter 5): Ffast= 0.022 (-), Kfas= 1.21 105 (s1) and K,low= 
1.25 10-8(s4). 
The CENTURY model was developed for aerobic soils. Parameter values of this model 
can thus not be used directly for anaerobic conditions. To avoid too many fitted 
parameters, pool distribution ratios were used from the CENTURY model. The 
distribution of plant residue between metabolic and structural carbon pools was 
estimated from the ratio lignin/nitrogen (Eq. 2 in Parton et al. (1987)) using data for rice 
plant characteristics presented by Saini (1989). While maintaining the same ratio in litter 
decomposition constants, the plant decomposition constants were estimated from data 
on rice straw decomposition, mentioned above. Conversion ratios of decomposing 
organic matter to C 0 2 and decomposition constants for the soil carbon pools corrected 
for texture -that is known to influence methane emissions but that is not part of the 
Yang (1996) model-, were obtained from Parton et al. (1987). Only one decomposition 
constant ( K ^ ^ , .
 ?0^) remained to be fitted. Fluctuating moisture effects are absent in a 
continuously flooded rice paddy soil. Temperature effects were described by a calibrated 
Q10 value to allow comparison with the default model. Finally the three initial soil carbon 
pool sizes had to be calibrated, with the constraint that their sum is equal to the total 
organic carbon amount. This leaves two pool fractions to be calibrated: F ,vc ^  and 
Fs]ow p^,. All four parameters were optimised simultaneously against experimental soil 
incubation data (Chapter 5) for the smallest mean square error and the smallest change in 
pool size fractions during the season (Figure 2.8a). This led to K^
 passive , = 0.7 10"9 (s1), 
Q J O = 2 . 7 1 , Fpasslvepoo,= 0.738 (-) and F s l o w ^ ,=0 .122 (-). 
A process-based model for methane emission predictions 31 
0 50 100" 150 200 250 300 350 400 450 
measured cumulative mineralisation 
(molCm3) 
0 20 40 60 80 100 120 
time (days after flooding) 
20 40 60 80 100 120 
time (days after flooding) 
0 20 40 60 80 100 
time (days after flooding) 
Figure 2.8: Model sensitivity on soil organic matter mineralisation models, a) Calibration of 
Parton et al. (1987) mineralisation model (dashes) and two-compartment model 
(lines) with measured cumulative mineralisation in incubations of rice paddy soil 
at 14 °C (crosses), 20 °C (filled squares) and 30°C (open triangles), b) Validation 
of Parton et al. (1987) mineralisation model (closed symbols) and the two-
compartment model (open symbols) with independent data by Tsutsuki and 
Ponnamperuma (1987) (triangles) and Inubushi et al. (1997) (circles). Influence 
of Parton et al. (1987) mineralisation model (thick lines) and two-compartment 
mineralisation model (dashes) compared to the default (thin lines) and measured 
data (pluses) for c) MA 96 + straw, d) LB 97 +(NH4)2S04 and e) JK 96 control. 
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Both models could reasonably describe anaerobic soil mineralisation rates in rice paddy 
soils presented by Tsutsuki and Ponnamperuma (1987) and Inubushi et al. (1997), 
although the two-pools model overestimated mineralisation rates at high fertilisation 
(Figure 2.8b). With the two-pools model, methane emissions were 14-102% higher than 
for the default model (examples given in Figure 2.8c,d,e). The overestimation mainly 
occurs in the 2nd half of the season when predicted mineralisation rates began to deviate 
from measured mineralisation rates (Figure 2.8a). The modified C E N T U R Y model is 
also less applicable than the default model, even though it was calibrated for anaerobic 
conditions. The deviations are hard to explain and may be coincidental or due to the fact 
that C E N T U R Y was developed for long term predictions in aerobic systems. In absence 
of organic fertilisers the C E N T U R Y model led to 13-270% higher methane emissions 
than for the default model (examples given in Figure 2.8d,e). With organic fertilisers, the 
C E N T U R Y model performed similarly well as the default model (example given in 
Figure 2.8c), but still produced 18-28% higher emission estimates. Anaerobic 
mineralisation modelling deserves more attention. 
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Figure 2.9: Sensitivity of the model on the description of rice straw decomposition. A 
description with a constant relative decomposition rate for rice straw (thick 
lines) is compared to the default model (thin lines) and measured data (pluses) 
for a) MA 96 with straw, b) LB 97 with straw and c) BG 97 with straw. 
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Rice straw becomes an important source of carbon substrate if it is added as organic 
fertiliser, 50-62% of the total carbon release according to the model. In the model, it was 
assumed that organic fertilisers decompose according to Eq. 2.7. Normally, however, a 
constant relative decomposition rate, Eq. 2.6, for organic fertilisers is assumed. As a 
sensitivity analysis the model was run with a constant relative decomposition rate for 
organic fertilisers based on literature data, mentioned above, with incubation periods < 
120 days. This change in the model hardly affected the outcome if no organic fertilisers 
are added (results not shown). With the addition of organic fertilisers (Figure 2.9) the 
effects were larger and led to 9-17% higher emissions. Especially during the 2nd half of 
the season methane emissions were overestimated by the model with a constant relative 
decomposition rate. This can be explained by the fact that at that point in the season 
easily accessible carbon has been depleted, leading to decreased decomposition rates and 
thus to overestimations when a constant relative decomposition rate is used. 
In various models (James, 1993; Grant, 1998; Segers and Kengen, 1998) competition 
between methane producing bacteria and other anaerobic bacteria is described by 
Michaelis-Menten kinetics. In this model, the competition was simplified to Eq. 2.10. 
Inclusion of Michaelis-Menten kinetics would only affect the competition with sulphate 
reducers, as nitrate and ferric iron reducers outcompete methanogens under all 
conditions. Sulphate reduction is only of minor importance for the seasonal electron 
balance (Chapter 5; Inubushi et al., 1984) and methane emissions are hardly affected even 
in an extreme scenario of outcompetition of methanogens by sulphate reducers (Chapter 
3). The simplification of Eq. 2.10 is thus reasonable. 
A more important assumption, as was already indicated in section 3, is that there is no 
reoxidation of electron acceptors in a flooded rhizosphere. This implicitly means that 
only methanotrophs and heterotrophic respiration consume the oxygen available in the 
rhizosphere. Unfortunately, our model cannot test this important assumption as the 
model does not distinguish gradients and because it is not possible to determine oxygen 
limited conversion rates with this model. The model of Segers (2000), however, takes 
into account diffusion and oxygen limitations. According to that model, reoxidation of 
electron acceptors is not important under oxygen limited circumstances. The assumption 
seems thus reasonable, although quantitative verification is not possible with the present 
model. 
The final assumption in the model is that methane oxidation is linearly related to root 
activity, Eq. 2.8. This assumption was necessary due to a lack of quantitative data on 
changes in methane oxidation or ROL during the season. Only an average methane 
oxidation percentage could be calculated from the data. If the model is run with this 
average instead of an activity curve, the trends in methane emission are strongly 
influenced (Figure 2.10) and lead to major overestimations of methane emissions in the 
middle of the season, when root activity is highest. Seasonal methane emissions were 8-
57% higher than for the default model. It is thus necessary to take into account the 
seasonal changes in methane oxidation, as is done in the default model. Root exudation 
and ROL are not only temporally dynamics but moreover depend on the rice cultivar. 
Unfortunately, there are no quantitative cultivar specific data, which limits the validation 
possibilities of the model for non-IR cultivars. More data are needed on these root 
activity characteristics. 
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Figure 2,10: Sensitivity of the model on the description of methane oxidation. A description 
with a constant percentage of produced methane that is oxidized (thick lines) is 
compared to the default model (thin lines) and measured data (pluses) for a) MA 
94 control, b) MA 96 control and c) BG 97 control. 
2.5 Concluding remarks 
In this paper, a model for methane emission predictions from rice paddies at the field 
scale level is described. Due to a lack of mechanistic knowledge, not all processes could 
be described fully mechanistically. Therefore, the descriptions of most important system 
properties were kept simple to achieve a well-balanced model, even though in some cases 
more mechanistic knowledge is available. The model was validated, without fitting, with 
data from independent field experiments at various sites in Asia. With only a few site 
specific input parameters (Table 2.2), the seasonal dynamics in methane emissions could 
be well described. Total seasonal methane emission was not significantly different from 
measured seasonal emissions (at P<0.05), while the different conditions had led to 
seasonal emissions differing over 2 orders of magnitude. 
The sensitivity analysis also showed that the model assumptions were reasonable. The 
most important assumption was the model simplification to distinguish two 
compartments; a rhizosphere and a bulk soil compartment. The model performed worse 
without such a division, showing the importance of heterogeneities introduced by the 
plant, while -of the models refered to- only Arah and Stephen (1998) and Walter et al. 
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(1996) describe this heterogeneity, using a more physical approach. None of the models, 
however, include other heterogeneities, which probably had a major influence -in 
combination with site specific varaibilities- on the deviations between model and 
experiment. The sensitivity analysis also showed the importance of a proper quantitative 
description on anaerobic organic matter decomposition processes. Modelling these 
processes thus deserves more attention to improve future models, also because the 
empirical models mentioned in the introduction do not account for this soil process. 
Another important aspect of the model is the competition for substrate by alternative 
electron acceptors, which is -of the models refered to- only included in the model of 
James (1993). Neglect of this competition severely overestimates methane emissions at 
the start of the season especially in soils high in alternative electron acceptors, like Los 
Banos, for which this competition is important. A description of Eh independent of soil 
type will thus not suffice. In the model it was assumed and argumented that reoxidation 
of electron acceptors is not important, but it deserves more attention especially for soils 
high in alternative electron acceptors and for rainfed systems. The sensitivity analysis also 
showed that it is important to account for seasonal changes in methane oxidation, 
indicating that there is a need to understand this process. In the models of Huang et al. 
(1998) and Cao et al. (1995) a different oxidation dynamics was used, leading to an 
underestimation of methane emissions at the end of the season (results not shown). 
From the model validation and sensitivity analysis we conclude that the assumptions 
made in this model are reasonable, because methane emissions are well predicted. The 
model can be used for larger scale applications for flooded rice paddies, because it makes 
use of general process relations and because it needs few site specific parameters. The 
site specific parameters can be obtained from general databases, facilitating application of 
the model. Caution is needed when the model is applied to rice cultivars for which the 
model was not parameterised. 
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Model l ing methane emiss ions from rice paddies: Variability, uncertainty and 
sensitivity analysis of processes involved 
Abstract 
Estimates of global methane emissions, to which rice cropping systems 
contribute significantly, are uncertain. The variability and uncertainty of 
variables governing emission rates and the sensitivity of emissions to these 
variables determine the accuracy of methane emission estimates. A good tool for 
quantification of sensitivities is a process-based model. This paper describes a 
model that has been validated previously by experimental data. Variability and 
uncertainty in processes and variables underlying methane emissions are 
reviewed and the sensitivities of modelled methane emission estimates for 
process variables are tested. The sensitivity analysis is carried out for two sites in 
the Philippines at which methane emissions have been measured for several 
years. The sensitivities of the model are compared to measured sensitivities, 
both as a function of input parameters. The model sensitivity analysis shows that 
the system is not sensitive to mechanisms of methane production or the 
pathway of gas transport through the plant. Methane emissions are very 
sensitive, however, to the description of substrate supply (both from the soil and 
from organic fertilisers). Unfortunately, this description also represents a main 
uncertainty. Uncertainty in methane emission estimates will thus remain large as 
long as these processes are not well quantified. 
3.1 Introduction 
Methane is one of the principal greenhouse gases and accounts for 15-20% of the 
radiative forcing added to the atmosphere (Houghton et al., 1996). Rice paddies 
contribute for 9-30% to the global methane emissions (Houghton et al., 1996; Matthews 
et al., 1991). Estimates of global methane emissions from rice paddies differ largely 
depending on approaches, techniques and databases used for extrapolation. Lelieveld et 
al. (1998) estimated 80 ± 50 Tg /y r using atmospheric chemistry models and tropospheric 
methane distribution. Upscaling of field measurements generally indicate lower source 
strengths, in the range of 50 ± 20 Tg /y r (Neue, 1997). 
One of the principal causes for uncertainties in global estimates results from the large 
intrinsic spatial and temporal variability in methane emissions. Over the past 15 years, 
numerous field experiments identified magnitude, temporal pattern and controlling 
factors of methane emissions from rice fields (this issue; Denier van der G o n and Neue, 
1995a; Nouchi et al., 1994; Wassmann et al., 1996a). The large number of data that has 
become available from these experiments is of great value for improved understanding of 
the variability in methane emissions. The data show, among other things, that the 
variability in methane emissions cannot be described by a simple relationship between 
methane emissions and environmental variables (Walter et al., 1996). This is attributed to 
the dynamic (diurnal and seasonal) and non-linear interactions between the processes 
underlying methane emissions. 
It is therefore beneficial to link the available data on methane emissions to knowledge of 
the underlying processes, i.e. through a mathematical model. In recent years, a number of 
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models of methane emissions from rice fields have been published. Some models are 
empirical (Hosono and Nouchi, 1997; Huang et al., 1998), which can be problematic in 
view of the non-linear interactions and number of fitted parameters, leading to a loss in 
extrapolation reliability. Other models (Chapter 2; Arah and Stephen, 1998; Cao et al., 
1995) are process-based models. They vary in the purposes for which they were 
developed and in the degree of mechanistic detail included. 
Although most models can reproduce the patterns of methane emissions at one 
experimental site with reasonable accuracy, their potential for simulating emissions at 
other sites remains unknown. This potential depends on the variability and uncertainty of 
variables and processes on a process level and, in the next step, on the sensitivity of real 
systems and of models for those variable or uncertain processes. 
The objectives of this paper are i) to review the variability and uncertainty in processes 
and variables underlying methane emissions, ii) to quantify the sensitivity of a model for 
such variability and to compare the model sensitivity with the real sensitivity where 
possible and iii) to determine the uncertainties in the range of methane emissions. 
The sensitivity analysis is based on a process-based model, fully described below. 
Arguments for this model, validation with field experiments and analysis on model 
structure are in Chapter 2. Other process-based models that easily link parameters with 
measured entities could be used as well for such an analysis, and will be mentioned when 
relevant. For the model sensitivity analysis two sites, Maligaya (MA94) and Los Banos 
(LB97), both in the Philippines, were chosen to determine the responses to variable 
changes. At both sites methane emissions have been measured for several years (this 
issue; Metra-Corton et al., 1995; Wassmann et al., 1994; 1996a) and soil characteristics, 
management and temperature are known (Table 3.1). The analysis comprises two steps. 
First, a sensitivity analysis of methane emissions varying one single variable 
independently, is presented. The effects of a variable on emissions are analysed and 
compared to literature. Secondly, the relative sensitivity of modelled methane emissions 
for individual variable changes is determined for both sites. The accuracy to which the 
model is able to reproduce and predict encountered methane emissions at different 
experimental sites, can be assessed from a combination of the relative importance and 
information on uncertainty in variables. 
Table 3.1: Site characteristics of the case study experimental stations 
Soil organic carbon content (%) 
Dithionite extractable iron (%) 
Clay (%) 
Silt (%) 
Avg. seasonal temperature (°C) 
Rice cultivar 
yield (tons ha-1) 
Fertiliser addition (kgha-1) 

















urea 120, solophos 40, KC1 40 
3.2 Model description 
Methane emissions from rice fields are strongly influenced by the presence of the root 
system. The model incorporates this explicidy and distinguishes a rhizosphere and a bulk 
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soil compartment. The processes involved in emissions -described from the moment of 
flooding onwards- take place independendy in both compartments (a flow diagram is 
given in Figure 3.1). In the mathematical description of the processes, it is attempted to 
combine simple process descriptions, while maintaining the most important 
characteristics of the processes. This is done to avoid excessively high data demand and 
to allow a future linkage to Geographic Information Systems for scenario analysis. 
in bulk soil: 
soil mineralisation 







Relational diagram for carbon flow in each compartment of the model. 
Dynamics of compartment contribution 
The model calculates the extent of the rhizosphere compartment in time from actual root 
length density (RLD) (in m/m 3 ) , which is empirically related to maximum root length 
density ( R L D „ J (in m/m 3 ) based on data by Beyrouty et al (1988), Drenth et al. (1991), 
Kang et al. (1995), Slaton et al. (1990) and Teo et al. (1995): 
RLDmw 
RLD = -
l + Ke-rgrtime 
RLD 
RLD„ 
l + K- -rgrume„ 
For RLD < RLD_ 
, -ketone- - time'n,, ) pgr j y ^ - , > ^jjy (3.1) 
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in which the time' is the relative time (time divided by the length of the growing season) 
and rgr (dimensionless relative growth rate), K ((RLDmax-RLDt=0) /RT .Dt=0), kmor 
(dimensionless relative mortality rate of roots) and time'mlr (relative time at which roots 
start to die) are empirical constants (Table 3.2). The logarithm of RLDmax is empirically 
related to the logarithm of aboveground biomass, based on data by Drenth et al. (1991), 
Tanaka et al. (1995) and Teo et al. (1995). 
From the actual root length density, the distance between roots (root_disf) (in m) is 
calculated, assuming that all roots exchange gases and that roots are randomly distributed 
through the puddled soil, by (based on Ogston, 1958): 
= J ^ (3-2) 
\nRLD V 
root _ dist --
The fraction of the soil dominated by the rhizosphere (F_rhi^psphere) is equal to: 
F _ rhizosphere = ( rhizo _ dist (3.3) 
I root _ dist 
in which rhisp_dist is the estimated extent of the rhizosphere around a single root (Table 
3.2). F_rhispsphere can not become larger than one and is zero in the absence of plants. 
The fraction of the bulk soil is one minus F_rhi%osphere. This description of the 
rhizosphere compartment is an extension of the model in Chapter 2 in which it was 
assumed that optimal plant growth occurred, so that almost all methane is emitted via the 
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Process dynamics within the compartments 
In both compartments, carbon substrates are produced by anaerobic mineralisation, Pmjtt 
and fertiliser decomposition (from organic fertilisers and stubble incorporation), Pfert, 
both in mol C m 3 s"1. The production rates are adapted from Yang (1996) assuming that 
substrates are consumed directly after release: 
^min = Cmin • (l^min ) • Kd^ •eK"^Ume and Kd^ = R^ • time*"* (3.4) 
-KA
 t _ time . .v, _ 
Pfer, =Cferr(l-Sfert)-Kdferie df<" and Kdfm = Rfert- time *" (3.5) 
in which Cmin is the soil organic carbon pool and Cltl1 is the amount of organic fertiliser 
added or stubble incorporated (both in mol C m"3). R^, (in sSminl), R^ (in ssfert l), Sflrl (-) 
and Smin (-) are empirical parameters (Table 3.2). 
In the rhizosphere additional substrates are provided by root exudation, Plxu (in molC m"3 




exu+Aexu exp(-0.5- ('time-time'^ )la)2) (3.6) 
in which Btxu (baseline exudation), A^ (maximum increase in exudation above the 
baseline), time'max (relative time of maximum exudation) and G (spread of exudation in 
relative time) are empirical constants (Table 3.2). Root decomposition, PreW, described by 
a first order decay rate (in mol m"3 s"1) also only occurs in the rhizosphere: 
p
root = Kdwo, • (P°°l of dead roots) (3.7) 
in which K^,^, is the relative decomposition constant for roots (Table 3.2) and pool of 
dead roots (in mol m"3) changes in time under influence of root mortality and root 
decomposition. 
All available substrate is consumed directly either by methanogens or by other anaerobic 
bacteria using alternative electron acceptors. Oxygen concentrations in the rhizosphere 
are low (Frenzel et al., 1992) and it is assumed that these concentrations are too low to 
affect methane production directly or to cause substantial electron acceptors reoxidation 
or aerobic respiration under flooded conditions. Therefore, NO," is the first electron 
acceptor to be reduced: 
d[NOf] _ ., . . 
.,. = - V M » I ^ (3-8a) 
atime 
in which VN03 is a stoichiometry factor for the carbon substrate needed to reduce N 0 3 
and IP x=Pm l n+P f e r t or £Px=Pm l n+P f e n+P e x u+P r o o t for the bulk soil and rhizosphere, 
respectively. After N03~, Fe(III) is reduced: 
—r. = -
vFe • X Px (3-«b) 
atime 
Methanogens and sulphate reducers are assumed to be completely outcompeted with 
respect to their carbon substrate by nitrate and iron reducing bacteria, but they compete -
after N 0 3 and Fe(III) disappearance- for available substrate. The competitive strength is 
proportional to [S0 4 2] and normalised for [SO42"]t=0: 
d[SQ42-i_ [S042~] 
—r. - -
V S04 ; ±,px (J-8 c) 
dtime [S04 ],=o 
d[CH4] [SO42""],=o-[S042_] „ „ „ „ . , „ , 
— — = v C H 4 •-—-— , — - — - J . P x - CH4 transport _ rate (3.9a) 
dtime [S04 ],=o 
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Figure 3.2: Modelled change in contribution of different processes to carbon substrate 
production in MA94 during the season. In the rhi20sphere all processes occur, 
while in the bulk soil compartment only soil mineralisation and straw 
decomposition occur. 
It is generally found that the application of rice straw leads to higher methane emissions. 
The available data on the effects of rice straw addition are summarised in Figure 3.3a,b. 
Such data have been used to derive a logistic curve for the relative increase in methane 
emissions versus straw application (Denier van der G o n and Neue, 1995a; Watanabe et 
al., 1995b), but a mechanistic explanation for such a curve was not given. The model 
(Figure 3.3c, default) produces a roughly linear increase from 0 to 10 tons of rice straw, 
which means that a faster exhaustion of alternative electron acceptors (as explained 
below), causing the site differences, only has a minor influence. Straw application will 
also affect other processes than organic matter supply. These other effects contributed 
considerably to the overall effects of straw application (Watanabe et al., 1998) and 
include the influence of straw on rice crop performance. Nugroho et al. (1994; 1996; 
1997) found positive biomass effects at low straw additions of 5 tons /ha , while Sass and 
Fisher (1995) and Kludze and Delaune (1995a) reported rice biomass decreases at straw 
additions of 11-22 tons/ha . The negative effects might be explained by an inhibition of 
crop growth due to the accumulation of fermentative products (Bedford and Bouldin, 
1994; Drenth et al., 1991) and nitrogen immobilisation. If we include effects on rice 
biomass changes in the sensitivity analysis (Figure 3.3c, indirect) -simplified to a parabolic 
curve with a maximum at 5 tons / h a and no change at 10 tons /ha- then modelled data are 
still in the upper range of the experimental data (Figure 3.3b). This means that there are 
clearly more adverse interactions between rice plant and straw than were accounted for, 
especially if more than 10 tons straw/ha is applied. Possible other interactions are 
changes in root oxygen release (see below), plant carbon supply or root morphology. 
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Figure 3.3: Measured increase in seasonal methane emissions relative to controls without 
straw addition (a) and measured absolute increase in methane emissions (b). 
Data are from Denier van der Gon and Neue (1995a), Kimura et al. (1991,1993), 
Kludze and Delaune (1995a), Lindau and Bollich (1993), Minoda and Kimura 
(1994), Nouchi et al. (1994), Nugroho et al. (1994,1996,1997), Sass et al. (1991a), 
Sass and Fisher (1995), Schiitz et al. (1989a), Watanabe et al. (1993,1994,1998) 
and Yagi and Minami (1990). Modelled effects of rice straw application on 
methane emissions (c) were calculated with and without ('default') the 
incorporation of an indirect effect of straw on rice yields. 
The characteristics of the soil itself also influence the amount of methane emission. The 
important factors are 1) the amount of alternative electron acceptors, 2) the rate of 
transport within the soil (both treated below) and 3) the amount of available substrate 
(soil organic C content, Table 3.1; Cmin in Eq. 3.4). The (hypothetical) influence of total 
soil organic matter contents is presented in Figure 3.4a by imposing different levels of 
this parameter. If all other parameters remain constant, the influence of this parameter 
on the model outcome is very large and depends on the amount of alternative electron 
acceptors present (explained below). The finding, however, may be direcdy related to the 
anaerobic mineralisation model itself, although several models seem to be equally valid 
based on the scarce data (Chapter 2). Anaerobic mineralisation processes are thus a very 
important uncertainty for predictive methane emission models. 
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Figure 3.4: Influence of soil organic matter dynamics on seasonal methane emissions, via an 
imposed hypothetical variation in (a) total organic carbon content and (b) 
texture (via the protection of soil organic matter). Measured values in organic 
matter contents at the two sites are marked. 
In some models (Huang et al., 1997; 1998), soil texture is also taken into account. 
Texture may affect diffusion of methane (which will be addressed below) or of carbon 
substrates. Diffusion limitations would ultimately lead to substrate accumulation, which 
has never been found in field studies. Soil texture, in particular clay particles, may also 
protect soil organic matter against breakdown (e.g. Hassink and Whitmore, 1997). 
Quantitative descriptions on the influence of increased protection on R ^ and Smm are 
unknown. Therefore, this texture influence on methane emissions was tested with a 
different mineralisation model, which leads to a new Eq. 3.4 for soil organic matter 
mineralisation: 
(f'fast Kfasf *-fast I ' + (l-Ffas,)Kslow-e-K^'ime) (3-41) 
in which Ffasl is the fraction of the organic matter pool that is assigned to the fast pool (-) 
and Kfasl and Kslm, are the decomposition constants (s4) of the fast pool and the slow pool, 
respectively. 
An increased protection will lead to a decrease in mineralisation rates for the slow pool. 
This effect of texture was estimated from Parton et al. (1987), assuming that the slow 
pool in the two compartment model is the same as the recalcitrant and lignin material 
pool in Parton et al. (1987): 
Ksbw =Kdefauh -(1-0.75*(fraction, clay+silt )) (3.12) 
Kjas: and K^^ were calibrated using texture and soil mineralisation data from anaerobic 
soil incubations (Chapter 2). Kdow for other textures can thus be calculated using Eq. 3.12 
and means that the higher clay+silt content, the smaller Ks/m becomes. This influence of 
texture via soil organic matter dynamics on methane emission estimates is very large, as 
presented in Figure 3.4b by imposing different percentage of (clay+silt). The trends in 
Figure 3.4a,b are similar to the ones found in a correlative study (Huang et al., 1997). 
Methane production 
Methanogens, the bacteria producing methane, mainly use acetate as a carbon substrate, 
but other substrates like H 2 /C0 2 and formate contribute for 10-30% to methane 
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production (Achtnich et al., 1995b; Chin and Conrad, 1995; Rothfuss and Conrad, 1993). 
This contribution is less than the theoretical 3 3 % valid for methanogenic systems (Gujer 
and Zehnder, 1983). Homoacetogens, converting H 2 / C 0 2 to acetate, might thus play a 
role in modifying the carbon flow. Besides the carbon substrate production, other 
conditions have to be fulfilled to produce methane. 
The methanogens have to compete for the available substrates with other anaerobic 
bacteria, namely nitrate, manganese, ferric iron and sulfate reducers. Bacteria using 
organic electron acceptors (Lovley et al., 1996) do not seem important in mineral rice 
paddy soils (Chapter 5). The competition for carbon substrates in general follows 
thermodynamic rules: Nitrate reducers outcompete the other anaerobic bacteria for the 
substrates. In practice, nitrate reducers are of minor importance, however, because 
nitrate concentrations are low in rice soils. All nitrate is thus reduced within a few hours 
(Chapter 5; Achtnich et al., 1995a; Westermann and Ahring, 1987). Ferric iron reducers 
are also able to maintain acetate and H 2 concentrations below concentrations that can be 
metabolised by sulphate reducers or methanogens (Lovley and Phillips, 1987). These 
bacteria suppress sulphate reduction (Jakobsen et a l , 1981) unless the amount of carbon 
substrate is not limiting (Lovley and Phillips, 1986; 1987). The thermodynamic 
characteristics of sulphate reduction are not very different from methane production. 
The affinity of sulphate reducers for H 2 is higher than the affinity of methanogens 
(Kristjansson et al., 1982) suppressing methanogens (Achtnich et al., 1995a). The 
differences in affinity for acetate are much smaller (Oude Elferink et al., 1994) and 
methane production and sulphate reduction can occur simultaneously (Achtnich et al., 
1995b). Other anaerobic bacteria can influence methane production also through specific 
inhibitors such as N O , N 2 0 or H2S. The inhibition by N O and N 2 0 occurs already at 
low concentrations (Balderston and Payne, 1976; Kluber and Conrad, 1998), while the 
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Influence of initial ferric iron (a) and sulphate concentrations (b) on the 
modelled methane emissions. The influence of sulphate (b) was modelled with 
different model assumptions on the competition for carbon substrates. 
Measured values in sulphate contents at the two sites are marked. Note the 
different y-axes. 
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All these interactions were expressed in the model by an outcompetition of methanogens 
by nitrate and ferric iron reducers and a competition with sulphate reducers (Eq. 3.8, 3.9), 
which is a close approximation for the competition for acetate. The influences of initial 
ferric iron (determined by dithionite extractable iron, Table 3.1) and sulphate 
concentrations (mainly determined by fertilisation, i.e. ammonium sulphate) on methane 
emissions are presented in Figure 3.5. As in Figure 3.4, we impose a Active variation of 
one soil parameter, for conditions of both field experiments. Iron reduction, the 
dominating reduction process in soils (Inubushi et al., 1984) inhibits methane production 
severely. At a given iron content, methane emissions are higher for the soil with the 
higher soil mineralisation (MA) (Figure 3.5a). Decreasing the anaerobic phase in rice 
soils, e.g. through dry seeding, decreases the period over which methane can be 
produced, while increasing the relative importance of iron reduction. With a large effect 
of iron on methane emission, one can also explain some very high Q]0 values found for 
methane production (Segers, 1998). With an increase in temperature, soil mineralisation 
and thus methane production are stimulated not only direcdy, but alternative electron 
acceptors are depleted faster as well. If one corrects for this indirect effect, the 
temperature effects on methane production come in a normal range for biological 
processes. The effects of sulphate additions are much smaller. This is consistent with 
field data that show no methane emission reduction (Wassmann et al, 1993) or a 
reduction of 20-30% (Schiitz et al., 1989a). If it is assumed that H2 is the dominating 
substrate for methanogens, then sulphate reducers will also outcompete the 
methanogens. This alternative assumption in the model hardly changes the outcome 
(Figure 3.5b). 
Some models (Cao et al., 1995) relate methane production to redox potential (Eh) and 
pH, which are in reality highly correlated (Tsutsuki and Ponnamperuma, 1987). Eh and 
pH do not seem good parameters for process-based models, as discussed elsewhere 
(Chapter 2). Only if pH<6.0, pH effects may occur. This might explain why urea 
application normally has no effect on methane emissions (Nugroho et al., 1994; 
Wassmann et al., 1993), while urea application decreased methane emissions in 
incubation experiments at application rates higher than 500 mg N/kg soil (Yang and 
Chang, 1998). Extreme salinity may also lead to a decreased methane production (Denier 
van der Gon and Neue, 1995b), but this is not accounted for in any model. 
Methane transport 
Produced methane is transported via aerobic interfaces, where methane oxidation takes 
place, to the atmosphere. There are four ways to transport methane: leaching, diffusion 
through the soil, transport via the plant and ebullition. High percolation rates reduce 
methane emissions significandy (Yagi et al., 1998) and will have to be considered in 
future models. Methane diffusion through the soil is a very slow process and hardly 
contributes to methane emissions (Rothfuss and Conrad, 1993; Schiitz et al., 1989b). The 
diffusion of methane via the plant (in the rhizosphere compartment), which depends on 
root density, is the most important transport pathway to the atmosphere. On average, 
ebullition (in the bulk soil compartment) only contributes 10-20% to the seasonal 
methane emission (Byrnes et al., 1995; Nouchi et al., 1994; Schiitz et al., 1989b). In case 
methane production is high at the start of the season (e.g. due to organic fertilisation), 
the seasonal contribution of ebullition can be up to 60% (Denier van der Gon and Neue, 
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1995a; Wassmann et al., 1996a). This difference can be understood from the conceptual 
ideas presented in the model. 
Gas transport through rice plants is, contrary to other wetland plants, by diffusion and 
not by convection. In turn, methane production does not show a short term influence of 
photosynthetic activity (Denier van de Gon and Neue, 1995a; Wassmann et al, 1994), 
wind speed, humidity, light (Frenzel et al., 1992), transpiration (Byrnes et al., 1995) or 
radiation (Lee et al., 1981). Gases (both methane and oxygen) exchange with the soil at 
the tips of roots (Flessa and Fischer, 1992; Kumazawa, 1984), but quantitatively little is 
known about the fraction of the root surface that is active in gas exchange. The gases are 
transported via the aerenchyma of root and shoot (affected by the porosity) and 
exchange with the atmosphere through special micropores in the shoot (Nouchi and 
Mariko, 1993). For the quantitative understanding of the flow it is more important to 
know the largest resistance, which is probably at the root-shoot transition (Butterbach-
Bahl et al., 1997). Quantitative data on this resistance are scarce, but probably this 
resistance will change during the season as root oxygen release (see below) and root 
morphology change during the season. The mechanism of transport through this 
transition is not known nor it is known if there is a transport interaction between tillers 
of one rice plant. The effects of those uncertainties might be small as the model showed 
hardly any influence of the transport time coefficient in the rhizosphere on seasonal 
methane emissions (Figure 3.6a). In this simulation it was assumed, however, that 
methane oxidation in the rhizosphere was independent of transport. In reality this may 
not be the case, as both processes are diffusion related. The influence of transport rates 
in the rhizosphere on methane oxidation is much larger in models that link these 
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Figure 3.6: Influence of variation in modelled transport time coefficient of (a) the 
rhizosphere and (b) the bulk soil compartment on estimates of methane 
emissions. Default parameter values are marked. 
The mechanisms of ebullition, gas transport via gas bubbles are even less understood. 
Qualitatively, one might think of a mechanism in which there is always an equilibrium 
between the concentration in the soil solution and partial pressure of the gas in a bubble 
(Watanabe and Kimura, 1995). If the concentration in the soil increases, gas will be 
captured in bubbles as the concentration in the soil solution is limited (depending on 
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temperature). If the pressure of the bubbles is larger than the combined pressure of 
overlying soil structure, root network and atmosphere, then bubble release will be 
triggered. From this conceptual idea, it can be understood why Mattson and Likens 
(1990) found influences of solar radiation, water temperature, air pressure and local water 
table on ebullition and why ebullition was hardly found at cloudy or rainy days (Nouchi 
et al., 1994). Quantitative models on this process are not known. Again the effects of 
these uncertainties in the mechanism on the prediction of seasonal methane emissions 
are small, as (hypothetical) changes in the transport time coefficient in the bulk soil 
(Figure 3.6b), e.g. caused by differences in soil texture or root density, hardly influence 
seasonal methane emission. 
Transport time coefficients in bulk soil exceed those in the rhizosphere by several orders 
of magnitude (Table 3.2). From the combination of transport times per compartment 
and the seasonal changes in contribution of the compartments, the trends in conductance 
(Hosono and Nouchi, 1997) and in methane residence times (Kimura and Minami, 1995; 
Watanabe and Kimura, 1995) during the season can be calculated and understood. 
The transport time coefficient hardly influences seasonal methane emissions (Figure 3.6), 
but it changes the variation of emissions within the season (results not shown). Diurnal 
patterns may be related to fluctuations in ebullition and root oxygen release (see below) 
(results not shown). Ebullition may be the main factor, because 1) the magnitude of the 
diurnal fluctuations is highest at the start of the season, when rice plants are small 
(Denier van der Gon and Neue, 1995a; Husin et al., 1995). 2) diurnal amplitudes are 
much higher in unvegetated plots than in vegetated plots (Nouchi et al., 1994) and 3) 
diurnal patterns of methane emissions are correlated with temperature (Sass et al., 1991b) 
and ebullition is triggered by temperature changes, while plant mediated transport is 
hardly influenced by temperature. The influence of temperature might also be indirect: 
At a higher temperature, methane production is stimulated, leading to an increase in 
methane concentration in the soil. This increased concentration might again trigger 
ebullition. Neue et al. (1997) identified methane concentration as a controlling factor for 
the diurnal patterns. If this indirect mechanism is indeed important, then some additional 
influence due to the plant might be expected, e.g. by diurnal changes in root exudation 
and root oxygen release. Unfortunately, there are no data available on these effects, but 
they may explain the differences in diurnal pattern between rice varieties found by Husin 
et al. (1995). As ebullition is not modelled mechanistically in methane emission models, 
quantification of the factors determining diurnal patterns remains difficult. 
When floodwater recedes and the soil falls dry, all methane captured in the soil is released 
via the air-filled pores that are formed in the drying process (Denier van der Gon et al., 
1996; Wassmann et al., 1994). The flush of methane is larger after a longer period of 
methane production, as more methane has been stored (Watanabe and Kimura, 1995). 
Similar effects occur by physical disturbances like cultural practices (Neue et al., 1997). 
Due to aerobic conditions developed by the disappearance of floodwater, the soil (and its 
electron acceptors) reoxidises as well, resulting in suppressed methane production after 
reflooding the soil. These negative effects on methane emissions are larger than the 
flushing effects if the period of drainage is long enough. Mid-season drainage has 
therefore become an effective mitigation option to decrease methane emissions. A good 
timing of (hypothetical) drainage is important to obtain an optimal result (Figure 3.7), 
whereas the number of dry periods appears to be less important (results not shown). The 
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modelled effects of drainage (Figure 3.7) are similar to what has been encountered 
experimentally (Sass et al., 1992; Nugroho et al., 1994; Yagi et al., 1996). The 
simplifications made in the model to describe reoxidation processes hardly influenced 
methane emission estimates, as can be seen from the small effects of neglecting FeS 
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Figure 3.7: Effects of (a) the timing of the mid-season drainage and (b) the length of a mid-
season drainage, at 64 DAT, on top of a final drainage on modelled methane 
emissions, using the data set of MA94 only. Calculations were carried out with 
and without straw application and with and without a correction for the 
formation and oxidation of FeS. The situation with no intermediate drainage is 
marked. 
Methane oxidation 
At the aerobic interfaces, methane can be oxidised in the soil by methane oxidising 
bacteria, methanotrophs. There are two types of methane oxidising activity: high affinity 
(at low methane concentrations) and low affinity (at high methane concentrations) 
(Bender and Conrad, 1992). For the study of methane oxidation in wetlands, high affinity 
methane oxidation does not need to be considered (Segers, 1998). Low affinity methane 
oxidation may in principle occur anaerobically and aerobically. In the first case, methane 
oxidation may be coupled to nitrate, ferric iron or sulphate reduction. However, there is 
no evidence available that methane oxidation coupled to nitrate reduction occurs in 
wetlands. Nedwell and Watson (1995) could not show sulphate reduction to be coupled 
to methane oxidation in wetlands. Murase and Kimura (1994) and Miura et al. (1992) 
found a concurrence of a depletion of methane and an accumulation in ferrous iron in 
rice subsoil and interpreted this as a coupled ferric iron reduct ion/ methane oxidation. 
Other interpretations are however also possible. N o enrichments or kinetics of anaerobic 
methane oxidisers in rice paddies are known. 
If we restrict our considerations to aerobic methane oxidation, then two sites for 
oxidation can be distinguished: the rhizosphere and the soil-water interface. At the soil-
water interface, methane oxidation is confined to 70-95% of the produced methane (e.g. 
Banker et al., 1995; Schiitz et al., 1989b). This small range indicates that the presence or 
absence of the oxygen produced by algae does not have a large influence on methane 
oxidation. Oxidation at the soil-water interface is bypassed by ebullition. 
54 Chapter 3 
The rhizosphere represents a far more dynamic system with many more uncertainties. 
Oxygen is released into the rhizosphere by root oxygen release (ROL), which is again 
influenced by root respiration and root transport resistances (treated above). The ROL 
changes diurnally (Satpathy et al., 1997), during the season (Satpathy et al., 1997), with 
cultivar (Wang et al., 1997; Kludze et al., 1994), with nutrient conditions (Kludze and 
Delaune, 1995a; 1995b) and with Eh (Kludze et al., 1993). Moreover, the estimate for 
ROL highly depends on the used methodology (Sorrell and Armstrong, 1994). The 
oxygen input is thus very variable and uncertain. 
The released oxygen is not only used by the methanotrophs. Part of the oxygen is used 
for the chemical and bacterial reoxidation of reduced compounds and for heterotrophic 
respiration of low-molecular organic compounds (Ponnamperuma, 1972; Watson et al., 
1997). The contribution (and its dynamics) of the different processes to oxygen 
consumption is not known, but it is known that methanotrophic activity is affected by 
salinity (Denier van der Gon and Neue, 1995b), NH4+ (Conrad and Rothfuss, 1991), 
elevated pH and CaC03 (King et al., 1990). Another complicating factor is that the 
aerobic zone moves through the soil (due to the combination of root growth and oxygen 
consumption). Bacterial activity will have to cope with this dynamics. This may result in 
growth of methanotrophs as the number of methanotrophs is higher in the rhizosphere 
than in the bulk soil (Gilbert and Frenzel, 1995; Kumaraswany et al., 1997) and increases 
during the growing season (Gilbert and Frenzel, 1995; Watanabe et al., 1997). It also may 
result in a limited mortality as mortality rates of methanotrophs are low at small oxygen 
and methane availability (Roslev and King, 1994; Le Mer et al., 1996). Quantitative data 
on such adaptations are scarce. Finally, it is not certain whether methane oxidation takes 
place in the rhizosphere or in the roots of the rice plant (as methanotrophs were found 
inside the roots (Gilbert et al., 1998)). Apart from mechanistic uncertainties, there are 
several uncertainties in the measurement of methane oxidation, as discussed by Frenzel 
and Bosse (1996) and King (1996). All these uncertainties make the prediction of 
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Effects of a hypothetical change in average seasonal methane oxidation in the 
rhizosphere on methane emissions. Default parameter values are marked. 
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The effects of all these uncertainties on the estimation of methane emissions can be quite 
considerable as is shown by the model sensitivity of methane emissions to hypothetical 
variation of this estimate (Figure 3.8). This clearly needs further attention. The sensitivity 
on methane oxidation moreover depends on the time in the season that most methane 
release occurs. 
RJce plant influence on the processes 
The above analysis shows the major importance of rice plants for methane emissions, via 
its root system, exudation, oxygen release and root-shoot resistance. These effects have 
been integrated in correlative models between methane emissions and plant parameters, 
namely yield, total rice biomass, root density, plant height and shoot length. The results 
are however ambiguous. Watanabe et al. (1994) found a correlation between emission 
and shoot length, while Lindau et al. (1995) found no correlation between plant height 
and methane emission. Sass et al. (1990) correlated methane emission and aboveground 
biomass, while such a correlation was absent in the study of Watanabe et al. (1995a). 
Nouchi (1990) found a correlation between the number of tillers and methane emissions, 
while Denier van der Gon and Neue (1996) did not find such a correlation. The reason 
for these different results is that there are different influences of the plant on methane 
release (as explained above). Those influences will lead to non-linear results and will 
moreover change during the season and with different conditions. This model can 
investigate some of those influences. Other interactions can better be explained by a fully 
mechanistic approach, like the one presented by Arah and Stephen (1998). An example 
of an interaction that changes with the conditions is given in Figure 3.9. In the first 
scenario it is assumed that a constant aboveground biomass fraction equivalent to 30% 
of the yield (Table 3.1) is incorporated into the soil, which is a common, but unrealistic, 
assumption in global methane emission estimates. In such a scenario, the organic matter 
supply dominates methane emission changes, leading to an almost linear response with 
yield. In the second scenario it is assumed that the farmer incorporates the same amount 
of stubble (e.g. by cutting the rice at a certain constant height) independent of the yield 
obtained. In both scenarios the presence of rice plants stimulates methane emissions (by 
providing a substrate for methanogens), but the response is quite different for the two 
scenarios. 
Plant variables do not only change during the season and with conditions, but also vary 
between varieties. Differences have been found in the root oxygen release (Kludze et al., 
1994; Kludze and Delaune, 1995a; Wang et al., 1997), in gas permeability (Butterbach-
Bahl et al., 1997) and root exudation (Kludze et al., 2000). This leads to large effects of 
rice varieties on methane emission (Husin et al., 1995; Lindau et al., 1995; Nugroho et al., 
1997; Sass and Fisher, 1995; Watanabe et al., 1995a). The combined effects have been 
incorporated in the model of Huang et al. (1998) by an empirical variable, the variety 
index. Lumping the various effects in a single variable leads to a loss of a mechanistic 
basis and hence to a reduction of extrapolation beyond the range of calibration. The 
plant physiological differences in gas permeability (influencing both root oxygen release 
and methane transport) and root exudation (important in soils with a low carbon 
content) open possibilities for directed variety screening. 
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Figure 3.9: Influence of yield differences on methane emission for two scenarios. The first 
scenario assumes that the amount of stubble that is incorporated in the soil is 
equal to 30% of the yield. The second scenario assumes that the amount of 
stubble that is incorporated into the soil is 1500 kg/ha, independent of yield. 
Measured yields at the two sites are marked. 
3.4 Concluding remarks 
Uncertainties and variability in the knowledge on underlying processes leading to 
methane emissions from rice cropping systems were reviewed. Sensitivity of these 
uncertainties and variabilities in processes on methane emissions were investigated with a 
process-based model. Model sensitivities were compared to system sensitivities, as far as 
these were known, i.e. for the effects of organic matter supply, drainage and sulphate 
additions. In those cases the model behaved similarly and with a similar sensitivity as the 
real systems. For situations for which only trends are known (for the transport 
characteristics and the contribution of different carbon substrates), the model also 
behaved similarly. The model thus fairly reproduces the real variability in methane 
emissions caused by the variability in underlying parameter values. 
By plotting the relative change in methane emission versus the relative change of a 
variable within its plausible range, all model sensitivities can be compared (Figure 3.10). 
The figure shows great differences in sensitivities and a large variety of linear and non-
linear responses. The responses were different for the two soils. Due to the high amount 
of reducible ferric iron in the Los Baiios soil, this soil is more sensitive to variables 
influencing methane production (Figure 3.10b). In the Maligaya soil, variables influencing 
carbon substrate production and methane production are the most important variables as 
well, but methane oxidation is also a sensitive variable (Figure 3.10a). Other well-known 
uncertainties, like mechanisms of methane production or the pathway of gas transport 
through the plant do not seem to be important for the estimation of methane emissions. 
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b 
Figure 3.10: Sensitivity of modelled methane emissions to changes in the underlying 
parameters (both relative to site input parameter values) for (a) Maligaya and (b) 
Los Banos, Philippines. The tested parameters are: 'a' moment of drainage 
(relative to drainage at the end of the season), V yield, 'c' and 'd' transport time 
coefficient in the rhizosphere and bulk soil compartment, respectively, V 
percentage oxidation, 'f iron content of the soil, 'g' application of (NH^SC^ 
(relative to initial soil sulphate concentration), 'h' texture (influencing soil 
mineralisation), Y soil organic matter content and 'j' straw application. Note that 
the y-axis is linear and the x-axis is logarithmic. 
This analysis has two main implications. 1) T h e influence of straw application o n soil-
plant responses and the mechanisms of anaerobic soil organic matter mineralisation 
belong to the main uncertainties, and also strongly influence methane emissions (as is 
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indicated by the influence of texture, organic C soil and straw application). As long as 
these processes are not well understood, the predictability and extrapolation of modelled 
methane emissions will be limited at a field scale level and thus at a global scale level. The 
uncertainty in the range of methane emissions will thus remain large. 2) Methane 
emissions react non-linearly to variables describing the underlying processes, especially if 
interactions between underlying variables are taken into account (as can be seen from the 
different responses of the two soils). This means that global emission estimates based on 
average parameter values over large regions may deviate considerably from the real 
methane emission. For a better global prediction of methane emission, methodologies 
that account for spatial variability in sensitive parameters (like management and organic 
matter supply) will have to be developed. 
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Effects of interpolation and data resolution on methane emiss ion estimates from 
rice paddies 
Abstract 
Rice paddies are an important source of the greenhouse gas methane. Global 
methane emissions estimates are however highly uncertain and do not account 
for effects of interpolation or data resolution errors. Such scaling effects were 
determined for the influence of soil properties in a case study of the island Java, 
Indonesia. The effects of different interpolation techniques, semivariograms and 
neighbour optimization were tested for soil properties by cross-validation. 
Interpolated organic carbon values were not significantly different from the 
original soil samples, but interpolated soil iron contents were. Interpolation led 
to a significant decrease in spatial heterogeneity in methane emissions. Soil 
properties were interpolated to derive data at different data resolutions. Mean 
and variance of soil properties were not significantly different for different data 
resolutions. Mean and variance of methane emissions at different data 
resolutions were however significantly different. These scaling effects were 
caused by the combination of interpolated data and a non-linear model. 
Correlations between soil properties smoothened some scaling effects. Real 
scaling effects will have been larger because small-scale variability was not 
accounted for. Scaling effects, including those caused by small-scale variability, 
will have to be considered to achieve unbiased global methane emissions 
estimates from rice paddies. 
4.1 Introduction 
Methane (CH4) is an important greenhouse gas. The major sources of atmospheric CH 4 
are known, but the contribution of these sources to the global CH 4 budget is highly 
uncertain. Rice paddies are among the important sources of atmospheric CH4. Most 
estimates of global CH4 emissions from rice paddies are multiplications of an average 
CH 4 emission rate by the length of the growing season and harvested area. Estimates of 
the global CH 4 source strength of rice paddies change frequently as new data become 
available or a different method is proposed. Recently published values are 117 + 50 
Tg /y r (Holzapfel-Pschorn and Seiler, 1986), 100 ± 40 Tg /y r (Aselmann and Crutzen, 
1989), 100 ± 50 Tg /y r (Schiitz et al., 1990), 42-82 Tg /y r (Bachelet and Neue, 1993), 60 ± 
40 Tg /y r (Houghton et al., 1996), 50 ± 20 Tg /y r (Neue, 1997), 53 Tg /y r (Cao et al., 
1998) and 80 ± 50 Tg /y r (Lelieveld et al., 1998), illustrating the large uncertainty. Since 
emissions from rice paddies cannot be directly measured at the national, continental or 
global scale, it is difficult - if not impossible- to judge which estimate is more realistic. 
A major source of uncertainty is the large intrinsic variation in methane emission in time 
and space due to spatial variation in biophysical properties and agricultural management 
(e.g. Denier van der G o n and Neue, 1995a; Nouchi et al., 1994). Reducing the 
uncertainties is difficult because underlying processes leading to methane emissions are 
hard to quantify and because data characterising rice agricultural management or other 
necessary attributes are scarce. 
62 Chapter 4 
An additional source of uncertainty is the methodology used to obtain global emissions, 
e.g. upscaling. As methane emissions cannot be measured at the global scale, or even at 
the national scale, suitable predictor variables have to be chosen to describe and explain 
variations in methane emissions if one uses an upscaling approach. At present, however, 
these predictor variables do not encompass local soil and management conditions, which 
are two factors that strongly influence methane emissions (Chapter 3). Attempts to 
account for local variations make use of large databases on land use and/or soil types 
with resolutions of l°xl° (Bachelet and Neue, 1993) or 0.5°x0.5° (Cao et al., 1998). In 
these studies, effects of interpolation or data resolution errors were not accounted for. 
These so-called scaling effects are well-known to occur in erosion studies (e.g. Dunne et 
al., 1991) and may also be significant when upscaling methane emission to the global 
scale. Unfortunately, a thorough analysis of scales, at which all processes and data can be 
summarised properly to calculate global methane emissions, has not yet been made. Such 
optimal scales may well differ from the scale at which global databases are available. 
The objective of this paper is to discuss possible scaling effects on methane emissions 
from rice paddies that arise from spatial variability in soil properties. Soil properties are 
chosen as a test case, because of their large influences on methane emission and because 
of data availability. The island of Java, Indonesia, is used as a case study, being an 
important rice growing area. Soil samples from rice fields of Java are collected and 
analysed on soil chemical and morphological properties by the Center for Soil and 
Agroclimate Research (CSAR). We focused on effects caused by i) choices made in 
interpolation of soil sampling data to land areas - interpolation effects - and ii) effects of 
different grid sizes for soil data and rice distributions on calculated methane emissions -
data resolution effects. In principle, the methodology can be applied to any other area. 
4.2 Materials and methods 
4.2.1 Methane emission model description 
The soil properties focused on are soil iron content (Fe) and soil organic carbon content 
(OC), because these two parameters are among the controlling variables for methane 
emissions from rice paddies (Chapter 3). A process-based model (Chapter 2) requires 
data on Fe and OC to calculate methane emissions. Two compartments, the rhizosphere 
and the bulk soil, are distinguished in this model. To simulate methane emissions the 
model contains simplified process-based descriptions of methane production, transport 
and oxidation for each compartment. Input parameter values used in the model were 
estimated from independent sources. The model was validated with experimental data 
collected in Asia (Chapter 2). Simulated seasonal methane emissions did not significantly 
differ from measured seasonal emissions (with a coefficient of variation of 8%). The 
model used in this paper was extended with a description for multiple drainage and for 
situations in which the rice yield was not optimal and for situations with a different rice 
variety (Chapter 3). 
Besides data on soil properties, model inputs are rice variety and rice yield, inorganic and 
organic fertilizer input, length of the growing season and temperature. Since our 
objective was to study interpolation and data resolution effects of soil properties, 
weighted average values for input parameters other than soil properties were estimated 
and used (Table 4.1). Rice distribution data were based upon an integrated set (Verburg 
et al., 1999) collected from land use maps and agricultural statistics. 
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Table 4.1: Average or assumed values for controlling variables other than soil properties 




NO3 or SO4 containing fertilizers b> 
Straw input 















Neue et al., 1990 
BPS, 1996 
Verburg et al., 1999 
a) This is the dominant rice variety on Java. 
b> Other inorganic fertilizers like urea do not directly influence CH4 emission. The 
fertilization effect on rice production is included in the average yield. 
c ) A significant part of the rice fields on Java is not continuously flooded (rainfed rice) but 
to clearly see the effects of spatial variation in soil properties this was neglected. 
4.2.2 Interpolation effects 
Quantification of spatial variability 
Scaling effects arise if the spatial heterogeneity presented by point data (in this case soil 
samples) is not correctly integrated while scaling up to an area. Application of 
geostatistics, therefore, may spatially interpolate data using the autocorrelation of 
variability. This allows estimation of spatial characteristics by techniques from 
regionalized variable theory, by kriging. A semivariogram (Webster, 1985) was 
constructed for OC and Fe to quantify the relationship between the expected variance of 
two measurements and the distance separating the locations of the measurements, i.e. to 
quantify autocorrelation. Different variogram models (spherical, exponential, linear with 
sill and a gaussian model) were tested to fit the data. The best model for OC was a 
spherical model: 
r , W = c0 + f l . .( | .A.I. (A ) . ) 0<A<r. (4 i ) 
c0+as h>rs 
where ys(h) is the semivariogram and h is the distance (in km). 
For Fe, the best model was an exponential model: 
h 
ye(h) = c0+ae(l-e r<) 
where ye(h) is the semivariogram. 
h>0 (4.2) 
Soil parameter interpolation 
Given a semivariogram model (and thus given autocorrelation) and a set of parameter 
estimates, interpolations to unsampled locations can be obtained through kriging. 
Ordinary kriging (Stein and Corsten, 1991) was employed optimizing the number of 
neighbours involved with a cross-validation procedure (Voltz and Webster, 1990). From 
the original dataset of 553 soil samples from different locations, 111 samples (20%) were 
randomly selected and put aside as a test set. The remaining 442 samples were used to 
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predict OC and Fe towards the test set. The predicted and measured values for the 111 
samples were compared and analysed using 5 different statistical indices: 
The mean error (ME) measures the bias of the prediction: 
ME = -fj^*(xi)-Z(xi)} (4.3) 
n
 i=i 
where Z*(xJ is the predicted value and Z(xJ is the measured value. ME should be close to 
zero for unbiased methods. 
The mean absolute error (MAE) is a measure of the total error of prediction: 
MAE = -f\z*(xi)-Z(xA (4.4) 
MAE should be zero for a correct estimation. 
The mean square error (MSE) combines both the precision and the bias of prediction: 
MSE = -^\xi)-Z(xi)} (4.5) 
n
 i=i 
MSE should be as small as possible. 
The mean square deviation ratio R measures the goodness of fit of the prediction: 
R = -J^\Xi)-Z(Xi)}lSf (4.6) 
where Sf is the estimated variance for measured values of Z(xJ. The better the estimate is 
on average, the closer is R to 1. 




where cov(Z*(x),Z(x)) is the covariance between predicted and measured values, S (x) is 
the estimated standard deviation of the predicted values and S(x) is the estimated 
standard deviation of measured values. 
The results for interpolation by ordinary kriging were compared with interpolation results 
obtained by inverse distance weighting (IDW). IDW does not use geostatistical 
information, but weighs the information as a function of distance (in this study a power 2 
function was used). The number of neighbours involved in IDW was optimized by cross-
validation in the same way as described above. 
Methane emission interpolation 
Methane emissions occur per definition over a certain area. The smallest area that could 
be distinguished in this study was 20x20 km, which is more detailed than the district 
level. This was the highest resolution for which spatial information on the model input 
parameters could be obtained. The effects of interpolation on spatially explicit estimates 
of methane emissions for Java were therefore analysed at this resolution (yielding 329 
grids to describe Java). 
Ordinary blockkriging - ordinary kriging applied and averaged for different positions 
within a block (Journel and Huijbregts, 1978) - was used as an interpolation technique for 
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OC and Fe, using all soil samples. As a sensitivity analysis alternative considerations were 
tested separately: i) Methane emissions were calculated using an exponential 
semivariogram for OC and a spherical semivariogram for Fe, instead of the optimal 
semivariograms. ii) Methane emissions were calculated using 12 neighbours in the kriging 
analysis instead of the optimal number, iii) For comparison of interpolation efficiency, 
methane emissions were calculated from arithmetic averages of OC and Fe in each grid 
(assuming that empty grids were not important rice areas and did not contribute to 
methane emissions), iv) Methane emissions were calculated by optimized ordinary 
blockkriging. The last was used as default in the remainder of the study. 
4.2.3 Data resolution effects 
Soil parameter data resolution 
In addition to assumptions made for interpolation of soil samples to an area, data 
resolution is also important to the final results. Global methane emission estimates are 
generally based on emission factors multiplied with harvested area. Attempts to make 
spatial explicit estimates use coarse resolution data e.g. the FAO 1:5.000.000 soil map of 
the world (Bachelet and Neue, 1993). By contrast, the processes leading to methane 
emissions occur at very fine scales, e.g. the scale of a single root. Due to the complex 
process interactions involved in methane emissions, a non-linear response can be 
expected (Chapter 3). This means that a different outcome can be expected when 
calculating emissions first followed by averaging the results, than when averaging the data 
first followed by calculating emissions - as has been found for soil moisture deficits (Stein 
etal., 1991). 
The effects of data resolution were tested in this study by choosing 20x20 km, 40x40 km, 
100x100 km (which is similar to l°xl°) and 'whole Java' (1021x322 km) as grids. The data 
for 20x20 km grids were calculated as mentioned above. In principle there are two 
upscaling procedures. In stepwise upscaling, data from the finer scale nearest by are used 
as input for interpolation — in this case ordinary blockkriging using the semivariograms 
for OC and Fe determined in Figure 4.1. This is a common upscaling procedure as only 
one finer scale has to be considered. However, in this study, the complete original soil 
sample set was used for interpolation at all data resolutions. This avoids that, at coarser 
data resolutions, semivariograms are extrapolated beyond the range accounted for. More 
important is that this procedure avoids that interpolation errors can accumulate at 
coarser data resolutions. 
The statistical effects of data resolution were tested in two ways: 
At each of the data resolutions (except for 'whole Java1), a cumulative probability density 
functions (pdf) was constructed for OC and Fe. These pdfs were compared to the 
cumulative pdf of the original 553 samples and tested for significant differences in 
variance (by a F-test) and in means of the underlying populations (by a student's t-test). 
This statistical analysis of the cumulative pdf s is not spatially explicit, as there are no 
spatially explicit measurements of methane emissions. 
A somewhat better understanding of the spatial variance can be obtained when analysing 
the mean within-grid variance and the grid-means variances. In block kriging, 
interpolation is made to 100 locations within a grid, independent of the grid size. From 
these data the within-grid variance (var (Z(xJ) can be calculated as: 
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100 
YM 
var(Z(x,.)) = -*=* — (4.8) 
grids — 1 
where grids is the number of grids at a certain data resolution. 
The grid-means variance (var(Z(x)) is calculated as: 
grids 
X(Z(*,.)-Z(x))2 
var(Z«) = - ^ - — i <4-9) 
gnas-1 
where Z(x) is the observed overall mean value. 
Methane emission data resolution 
Methane emissions were estimated for 20x20 km, 40x40 km, 100x100 km and 'whole 
Java' data resolutions by coupling for each grid block kriged OC and Fe to the model. 
This procedure did not allow the calculation of within-grid variances of methane 
emissions. Data resolution effects on methane emissions were therefore tested only on 
cumulative pdf s constructed at each data resolution. These pdf s were compared to the 
cumulative pdf based on the original 553 samples and tested for significant differences in 
variance (by a F-test) and in means of the underlying populations (by a student's t-test). 
4.3 Results 
4.3.1 Interpolation effects 
Quantification of spatial variability 
The spatial variability in both OC and Fe could be described by a significant 
semivariogram (Figure 4.1). For OC the estimated parameter values for the 
semivariogram are c0=0.0948 %C2, a =0.194 %C2 and rs = 35.5 km (r2=0.97). If, as an 
alternative description, an exponential semivariogram was chosen for OC then the 
parameter values are c0=0.0564, ae=0.238 and re = 13.1 km (r2=0.93). For Fe the 
estimated parameter values for the semivariogram c0=0.399 %Fe2, ae=0.905 %Fe and re 
= 12.9 km (r2=0.87). If, as an alternative description, a spherical semivariogram was 
chosen for Fe then the parameter values are c0=0.63, as=0.668 and rs = 42.7 km 
(1^=0.86). The best fitting semivariogram for each soil property is also displayed in Figure 
4.1. The highly significant semivariograms show that autocorrelation is present even over 
these large distances considered. 
The total distance considered in the analysis did not influence parameter estimation if the 
total distance was larger than V nor did it influence the choice of a variogram model 
(Figure 4.1). Nugget variance (f„) and sill variance (c0+a) are higher for soil iron than for 
soil organic carbon, while average amount of soil iron and soil organic carbon are similar. 
The range of spatial dependence (the distance up to reaching the sill) is similar for soil 
organic carbon and soil iron. This surprises at first sight, because we expected a more 
local influence on soil organic carbon due to (highly variable) farmers' management. By 
contrast a larger spatial dependence was expected for soil iron, because that is thought to 
be dependent on parent material and thus on the geological circumstances. This suggests 
that field to field variation in farmers management could not be distinguished by this 
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dataset because of the large distances between sampling points. A n alternative 
explanation is that field to field variation in O C is smaller than anticipated, e.g. because 
burning of crop residues after harvest and the absence of use of organic amendments 
have a levelling effect on O C variability. 
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Figure 4.1: Semivariogram of a) the soil organic carbon content and b) soil iron content. 
The number of data pairs at a distance is indicated as well. 
Soil parameter interpolation 
With the cross-validation procedure, the number of neighbours for ordinary kriging 
could be optimized for O C (Table 4.2) and Fe (Table 4.3). This optimal number of 
neighbours is related to the semivariogram - and thus on the dataset used - and more or 
less indicates the number of neighbours at a distance smaller than the range. The optimal 
number of neighbours for Fe is therefore only slighdy higher than for OC. 
Table 4.2: Statistical indices for the cross-validation of soil organic carbon estimation by 
ordinary kriging with different numbers of neighbours accounted for. In 
between brackets the ranking is given (1 is best, 6 is worst). The average ranking 

















































Also for the I D W procedure, an optimal number of neighbours could be distinguished 
by the cross-validation procedure for O C (Table 4.4) and Fe (Table 4.5). This optimal 
number differs from the number achieved for ordinary kriging as I D W employs a 
different weighing with distance. 
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Table 4.3: Statistical indices for the cross-validation of soil iron content estimation by 
ordinary kriging with different numbers of neighbours accounted for. In 
between brackets the ranking is given (1 is best, 6 is worst). The average ranking 

















































Table 4.4: Statistical indices for the cross-validation of soil organic carbon estimation by 
inverse distance weighting with different numbers of neighbours accounted for. 
In between brackets the ranking is given (1 is best, 6 is worst). The average 

















































Table 4.5: Statistical indices for the cross-validation of soil iron content estimation by 
inverse distance weighting with different numbers of neighbours accounted for. 
In between brackets the ranking is given (1 is best, 6 is worst). The average 

















































T o determine the performance of spatial interpolation, prediction towards the test set 
was also carried out by randomly selecting samples from the available data, i.e. without 
considering the neighbourhood. Both optimized interpolation methods perform better 
than these randomly selected samples (Table 4.6) for O C as might be expected for 
spatially correlated parameters. For Fe, I D W interpolation performed similarly as a 
random prediction. Spatial interpolation was thus not always better than a random 
selection for Fe. This is due to the high variance in the soil iron data (shown by the high 
MSE). This high variance was not accounted for in all interpolation procedures, leading 
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to high biases (high MAE). Ordinary kriging took best account of the spatial 
heterogeneity (Table 4.6), using the semivariogram, and will be used hereafter. 
Table 4.6: Statistical indices for the cross-validation of soil organic carbon and soil iron 
content estimation by a random selection, by optimized inverse distance 
weighting (with 10 and 12 neighbours for carbon and iron, respectively) and by 
optimized ordinary kriging (with 6 and 8 neighbours for carbon and iron, 
respectively). In between brackets the ranking is given (1 is best, 3 is worst). The 



















































Methane emission interpolation 
Interpolated OC and Fe values were used to predict methane emissions. Ordinary 
blockkriging was used as a kriging method to obtain area averaged values. The results for 
this analysis and for the sensitivity analysis are summarized in cumulative pdf for 
methane emissions (in g m"2 rice season') in Figure 4.2c. For comparison, Figure 4.2 also 
contains the cumulative pdf of the original 553 samples. The underlying assumption is 
that the variance and distribution expressed in the pdf of the original data is 
representative for the real variance and distribution in methane emissions. The means of 
interpolated methane emissions were not significantly different from the emissions 
calculated from the original data (P<0.05). Mean methane emission could thus be 
described by interpolated soil properties. Spatial heterogeneity in methane emissions, 
however, was poorly described by interpolated soil properties, as is shown by the 
significant difference in a F-test (P<0.001) for all interpolation procedures. 
This significant difference is caused by changes in OC (Figure 4.2a) or Fe (Figure 4.2b) 
by interpolation. The pdf of OC is not significandy affected by interpolation (P<0.01) as 
shown by t-tests and F-tests. The effects of interpolation on the estimation of Fe are 
much larger (Figure 4.2b) as might be expected from the poor cross validation results 
(Table 4.3). Both the variance and the mean of the underlying population were 
significandy different for all interpolated results compared to the original data, as shown 
by a F-test (P<0.001) and t-test (P<0.05), respectively. Changes in Fe values are thus 
probably the reason for the significant difference found for methane emission. 
The sensitivity analysis showed no significant difference in either soil organic carbon or 
soil iron content between different interpolation procedures. The spatial heterogeneity in 
methane emissions was however significandy different for the different interpolation 
procedures (P<0.05). 
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organic caifoon content (%) 
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methane emission (g m" ike season ) 
Figure 4.2: Cumulative probability density functions (pdf s) for a) organic carbon, b) soil 
iron content and c) methane emission under influence of different decisions 
made for interpolation of soil properties. 
4.3.2 Data resolution effects 
Soil parameter data resolution 
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Figure 4.3: Cumulative probability functions for a) organic carbon and b) soil iron content 
under influence of different grid sizes (in km). 
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Data resolution effects on these soil properties are very small. The variance and mean of 
the pdf s obtained for 20x20 km grid cells is not significantly different from the variance 
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Figure 4.4: Development of the within-grid variance and the grid-means variance for 
organic carbon (%C) and soil iron content (%iron) as a function of data 
resolution. Note the different scales. 
On the other hand, there are differences in the variances at different data resolutions, as 
is shown for the changes in within-grid variances and grid-means variances with data 
resolution (Figure 4.4). As grid sizes increase, the mean within-grid variance increases 
only slighdy, indicating that the accuracy of the prediction in one particular grid slighdy 
decreases with a coarser data resolution. The effects might have been small, because a 
constant (optimal) number of neighbours was considered at each data resolution. The 
effects on the variance of grid-means were much larger. About half of the variability in 
the soil property values was lost from the original samples to the first grid size due to 
interpolation (Figure 4.4). The large smoothening effect of interpolation might be 
another reason for the small changes in within-grid variances of the soil properties. 
Variance of grid-means decreases further with increasing size of the grids. Similar data 
resolution effects were found by Bouma et al. (1996) for nitrate leaching. 
Methane emission data resolution 
The blockkriged values for OC and Fe at the different grid sizes were used as input for 
the methane emission model. Calculated methane emissions (in g m 2 rice season') were 
used to construct a cumulative pdf at each data resolution (except for 'whole Java1). 
These pdfs were compared to the cumulative pdf of the original 553 samples (Figure 4.5) 
and tested for significant differences in variance (by a F-test) and in means of the 
underlying populations (by a student's t-test). Again, the variance at all data resolutions 
was significandy different from the variance described by the original data (P<0.001). 
Means of methane emissions at different data resolutions were only significantly different 
from emissions calculated from the original data at 100x100 km grids (P<0.05). The 
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mean of the pdf of methane emissions obtained for 20x20 km grid cells was not 
significantly different from the mean for 40x40 or 100x100 grid cells (P<0.05). Variances 
for 20x20 km grid cells were however significantly different from those for 40x40 and 
100x100 grid cells (P<0.05), as shown by F-tests and t-tests. 








methane emission (g m rice season ) 
150 
Figure 4.5: Cumulative probability density functions (pdf) for methane emissions under 
influence of different data resolutions (in km) compared to a cumulative pdf 
based on model calculations of original data. 
The spatial variance of methane emission estimates could not be analysed via the 
calculation of within-grid variances as was done for O C and Fe. The changes in methane 
emission estimates with data resolution can however be visualised spatially with a GIS 
representation (Figure 4.6). For that purpose, calculated methane emissions (in g m"2 rice 
season"1) were multiplied with the total harvested area of rice in a grid and corrected for 
the total grid area to obtain methane emissions in g m 2 land year"1. Total harvested areas 
for Java were constant for all data resolutions. Such a correction for harvested area does 
not affect the results of the statistical analysis shown above. 
Figure 4.6 shows that there are clear changes in methane emission patterns with data 
resolution, even though the mean methane emission for Java does not change 
significandy with data resolution. So, information on the spatial variability of methane 
emissions is lost under influence of data resolution. However, the effects of interpolation 
on estimated methane emissions were larger - but harder to validate due to the lack of 
area averaged methane emission measurements - than the effects of data resolution. 
4.4 Discuss ion 
Methane emission estimates 
The influence of upscaling soil samples to area averaged soil properties to calculate area 
averaged CH 4 emission estimates is summarised in Table 4.7. The CH 4 emission 
estimates presented in Table 4.7 do not present the actual CH 4 emission from rice fields 
on Java, because only spatial variability in soil properties was considered, taking average 
values for all other parameters. 
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Figure 4,6: Effects of data resolution on the estimate of methane emissions, expressed in g 
CH4 m 2 rice season1, for Java with a) 20x20 km grids, b) 40x40 km grids and c) 
100x100 km grids 
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A realistic actual emission estimate should also consider other data sources, including 
other sources for soil data, as different data sources may change the outcome 
(unpublished results, van Bodegom et al.). Such an estimate should also account for 
spatial and temporal variability in e.g. climate, cropping areas, organic amendments and 
water management. In this study, those influences were intentionally not accounted for 
as it would obscure scaling effects under influence of variability in soil properties. 
Table 4.7: Emission estimates for Java using different methods. 
Methane emission (g rrr2 rice season1) 
average Standard deviation 
Emission Java (Ig) 
Average 
































Scaling effects on soil properties were small. The effects of both interpolation and data 
resolution on OC were not significant. For Fe, only interpolation effects were significant 
and data resolution effects were not significant (compare Figures 4.2 and 4.3). For 
methane emissions, however, scaling effects were considerable. A significant effect of 
interpolation on variance could be shown (at P<0.05) and effects of data resolution on 
methane emissions were larger (up to 12%) than effects of data resolution for both OC 
and Fe (up to 3%). Variance of methane emissions calculated from the original soil 
samples was significandy different (P<0.05) for all interpolated methane emission 
estimates at all data resolutions. Moreover, mean methane emission calculated at 100x100 
km grids (which is comparable to the grid size normally applied in upscaling of global 
methane emissions) was significantly different (P<0.05) from the mean methane 
emission calculated from the original data. Under influence of scaling effects, data 
resolution has a different influence on methane emissions in g m"2 rice season"1 than on 
total methane emission (in Tg), although the total amount of rice area was constant for 
all data resolutions. This is especially due to loss of information on spatial heterogeneities 
(Figures 4.5 and 4.6), through which high methane emissions are allocated to different 
sites with a different amount of rice area present at different data resolutions. 
Interactions between model and data 
Probably, these significant scaling effects are caused by the interaction between the 
interpolated data and the non-linear model. The original data represent point samples 
and had to be area averaged -interpolated- to allow regional estimation. Interpolation 
always implies some loss in accounted variability as is clearly shown in Figure 4.2 and 
Table 4.7. The effects of alternative assumptions in kriging were not significant and will 
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not be discussed further. The interpolated soil properties were coupled to a model, which 
also leads to a loss in accounted variability as models describe general trends only. 
Modelled methane emissions respond non-linearly to underlying soil properties. This 
response highly depends on the other conditions present (Chapter 3). In the case of Java, 
methane emissions are almost independent of soil organic carbon in the lower range and 
changes in soil iron content led to a more than linear change in methane emission (Figure 
4.7). The extremes (e.g. hot spots) behave thus differently than the average, while spatial 
information on these extremes is lost by interpolation and modelling (Figure 4.6). This 
will automatically lead to scaling effects. 
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In spite of this, scaling effects on mean emissions were quite small. That is because mean 
methane emission estimates are influenced by an additional factor, i.e. the significant 
correlation (P<0.006) between soil iron content and organic carbon in the Java soil 
samples. It seems that this correlation counteracted the scaling effects due to 
interpolation and data resolution. Whether this applies for scaling effects in areas with 
soils from a completely different origin a n d / o r different farmer's management remains 
to be seen. Scaling effects may be situation dependent and, more specifically depend on 
data distribution, correlations between data and relations between underlying processes 
that control the entity to be predicted (in our case CH 4 emission). 
Small-scale variability 
The initial scale of the analysis was determined by the distance between the soil samples 
and was much larger than the size of individual rice fields. Thus detailed scale variability 
in soil properties is no t accounted for, but variability in methane emissions at detailed 
scales can be substantial. At the scale of individual rice plants, methane emissions 
showed a coefficient of variation (CV) of 4 4 % (Denier van der G o n and Neue, 1996). 
However, this variability is most likely due to variation in plant properties and not soil 
properties, because all plants were grown in sieved, homogenized soils from the same 
field. At the scale of a single plot with the same management, soil property variability is 
an important variable that explains the observed variability with CV's typically ranging 
from 7-30% (Denier van der G o n and Neue, 1995a) with extremes up to 80% 
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(Wassmann et al., 1996b). Between farms in the same area, management can be different 
which may lead to additional variabilities at that scale. Such field to field variation in 
methane emission from rice paddies was found by Khalil et al. (1998b) in China, a 
country with many different rice cropping and organic carbon management patterns even 
at the local scale. So, variability will be present below the scale of our analysis and 
therefore not all variability could be captured in our study. This might explain the 
significant differences between interpolated soil properties and the original soil samples, 
independent of the assumptions made in the interpolation. Since only interpolated data 
could be used for further analysis, small-scale variability could not be accounted for in 
the determination of scaling effects. The full scaling effects of methane emissions may 
thus have been underestimated. 
However, on Java, farmers' management might have levelled off small-scale variability 
(see section 3.1). The unexplained (smaller-scale) variability for OC and Fe was only 
about 30% of the total variance and the overall variability in OC and Fe could be 
accurately described by semivariograms. We do thus not expect small-scale variability to 
be dominant for Java. 
4.5 Conclusions 
Clear scaling effects of interpolation and data resolution on means and variance of 
methane emissions were observed. These scaling effects were larger for methane 
emissions than for the underlying soil properties, OC and Fe, due to the non-linear 
model response to these properties. In this study the scaling effects were significant, but 
small, because soils on Java are relatively homogeneous and because correlations between 
soil properties smoothened some scaling effects. This coincidence makes Java suitable 
for upscaling of methane emissions from small scale to regional scale based on point data 
with a limited and acceptable increase in uncertainty in the final emission estimates. 
Scaling effects may have been underestimated because small-scale variability was not 
accounted for, but in the case of Java this is not expected to change the findings 
dramatically. However, it is recommended that scaling effects on CH4 emissions and on 
parameter values of underlying processes at scales below 20x20 km are also studied in the 
future to verify this. The combination of studies on scaling effects at small to regional 
scales in different rice growing countries with different parent material and/or rice 
agricultural practices may produce unbiased global methane emissions estimates from 
rice paddies. 
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between methanogens and bacteria that use alternative electron acceptors is a major 
uncertainty in the prediction of methane production. 
The quantification of this competition is the objective of this paper. For this purpose, an 
incubation experiment was performed at different temperatures by measurement of the 
various electron donor and electron acceptor concentrations. From a comparison of the 
produced C0 2 and the C 0 2 calculated from the reduction of all measured electron 
acceptors, it was possible to determine whether these inorganic electron acceptors are the 
most abundant electron acceptors in a rice paddy. 
5.2 Materials and methods 
Monitoring processes in the anoxic paddy soil 
Soil was collected from the topsoil of paddy fields in Hangzhou (China). Twelve samples 
were mixed, air dried without grinding or sieving for 24 hours, transported to the 
Netherlands and stored for one week at 10CC. The moisture content of the soil was 
determined gravimetrically by oven-drying. It was 10% w/w and was thus low enough to 
avoid major changes in the soil during storage. Soil slurries were prepared in 1 litre serum 
bottles by mixing 250 ml sterilized distilled water with 100 g d.w. homogenized soil. The 
bottles were closed with butyl rubber stoppers. The bottles were repeatedly (6x) 
evacuated and flushed with N2 gas to a final gas pressure of 150 kPa. The anoxic slurries 
were incubated in the dark in duplicate at three constant temperatures (14 °C, 20 °C and 
30 °C). Additionally, a slurry with 3.75% v/v formaldehyde was prepared at each 
temperature to determine the abiotic release of C02 . All botdes were continuously gendy 
shaken to avoid concentration gradients in the soil slurries. 
The changes in the slurries were monitored daily. Slurry samples of 1 ml were taken by 
N2-flushed syringes for analysis of fatty acids, Fe2+, N03", S042 and pH-H20. The 
samples were centrifuged for 5 min at 13,000 rpm and the supernatant was stored (after 
additional treatment, see below) at -20°C until analysis. For Fe2+ analysis, the soil pellet 
was resuspended in a 1M CaCl2 solution and shaken for 1 hour to obtain the amount of 
adsorbed Fe2+. After centrifuging the sample for 5 min at 13,000 rpm, this supernatant 
was collected and stored at -20°C until analysis. The headspace was sampled at the same 
time as the liquid phase with 1-ml syringes and analysed for CH4, H2 and C02 . The 
monitoring frequency was decreased at the end of the experiment when changes were 
slower. The experiment was stopped when CH4 production equalled C 0 2 production. 
Analytical techniques 
Formate and lactate were detected on an HPLC with an Ionpac AS6-SC column 
connected to a suppressed conductivity detector using 0.4 mM heptofluorbutyrate at 1 
ml/min as an eluent. Acetate, propionate and butyrate were determined by gas 
chromatography, using a Chromosorb 101 column saturated with formic acid at 160°C, 
connected to a flame ionisation detector (FID). Prior to analysis the samples were diluted 
1:1 with 1 M formic acid containing 1 mM isobutyric acid as internal standard. No other 
fatty acids appeared to be present in the soil slurries, because no other peaks were 
detected. 
For Fe2+ analysis, both samples were stored after addition of the metol reductant solution 
(Walinga et al, 1995) to avoid reoxidation of Fe2+, which might otherwise occur quickly 
after exposure to 0 2 . The Fe2+ in the liquid phase and the desorbed Fe2+ were analysed 
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colorimetrically with phenanthroline as reagents (Walinga et al., 1995). The absorbance 
was measured at a wavelength of 515 nm. Total Fe2+ is equal to the sum of Fe2+ in the 
two samples. 
The supernatants for anion analysis were diluted 5:1 with a solution of 20 mM mannitol 
and 60 uM potassium bromide, as an internal standard. Inorganic anions were 
determined on an HPLC equipped with suppressed conductivity detection. Anions were 
separated on an Ionpac AS9-SC column using a 1.8 mM bicarbonate/1.7 mM carbonate 
eluent at 1 ml/min. Sulphide was determined as described by Triiper and Schlegel (1964). 
CH4 was analysed by GC on a molecular sieve column at 70°C, coupled to a FID. H2 was 
analysed on a molecular sieve column at 100°C coupled to a thermal conductivity 
detector (TCD). C 0 2 was analysed on a Poropak Q column coupled to a TCD. The 
amounts of the different gases were quantified using standard curves obtained by 
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Figure 5.1: Reduction of ferric iron, quantified by the accumulation of ferrous iron, at 14 °C 
(open circles), 20 °C (filled squares) and 30 °C (open triangles) in time 
5.3 Results 
In this incubation experiment we measured chemical species dynamics occurring under 
anaerobic conditions in a soil slurry at three temperatures (see Figures 5.1 to 5.3). During 
the anaerobic incubation NO," was reduced first, followed by Fe3+ (Figure 5.1) and S O / 
(Figure 5.2). At the end of the incubation methane production (Figure 5.3) dominated. 
The reduction of NO," is not shown separately, because under all conditions NO, 
disappeared during the first day. During this period none of the other reduction 
processes started. The next reduction process, Fe3+-reduction, was of quantitative 
importance. During this reduction process, CH4 production and sulphate reduction 
contributed to less than 10% of the C0 2 production. The next step in the reduction 
sequence was not exclusive as S042-reduction and CH4-production occurred 
simultaneously, as can be seen from Figures 5.2 and 5.3. As long as sulphate was present, 
methane production rates were lower than when sulphate was absent. At the end of the 
incubation methane production was the dominating process in the slurry. 




















Figure 5.2: Reduction of sulphate at 14 °C (open circles), 20 °C (filled squares) and 30 °C 
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Figure 5.3: Methane production at 14 °C (open circles), 20 °C (filled squares) and 30 °C 
(open triangles) in time 
The incubation experiment was carried out at different temperatures. Therefore, it was 
possible to calculate the temperature dependence of the processes, which was expressed 
in a Q10 value. This parameter indicates the increase in reaction rate with a temperature 
increase of 10°C. The Q]0 value of the processes was calculated from the slopes of the 
concentrations of the chemical species at different temperatures over time. For the 
calculation of this value only the phase in which the concerning process was dominant, 
was used. The rates of change at this phase at different temperatures were compared 
direcdy. This avoided that non-linear interactions due to the complex series of 
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degradation pathways and reduction sequences had major influences on the estimated 
values of Q w . 
The Q1 0 value for soil mineralisation (determined by C 0 2 and CH 4 release) was 2.2, for 
iron reduction 2.4, for sulphate reduction 1.6, and for methane production 4.6. This 
means that, from 14 °C to 30 °C, methane formation rates increased 5.4 times as fast as 
sulphate reduction rates. The competitive-ness of the different microbial groups thus 
changed with temperature. We were only able to detect this temperature effect because 
acetate, which had accumulated during the first phase of the incubation, could be used at 
an accelerated rate at the onset of methanogenesis (Figure 5.4). If there had been no 
accumulation of acetate, the Q10 for methanogenesis would have been, per definition, 
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Figure 5.4: Accumulation of intermediate fatty acids over time at 14 °C (open circles), 20 °C 
(filled squares) and 30 °C (open triangles) for (a) butyrate, (b) propionate and (c) 
acetate. Note the different scales at the y-axis. 
To quantify the relative importance of the different electron acceptors, all reduced 
compounds were expressed in equivalents C 0 2 (Figure 5.5). This is the amount of C 0 2 
produced by the metabolic reactions utilizing the measured electron acceptors and 
acetate as electron donor, assuming that acetate was the dominating electron donor. 
Figure 5.5 illustrates the reduction sequence discussed above. 
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The sum of all C 0 2 equivalents was used to calculate a C 0 2 balance to determine 
whether all important electron acceptors had been measured. For this purpose, the C 0 2 
equivalents calculated from the measured inorganic electron acceptor concentrations 
(indicated as 'total calculated C 0 2 equivalents' in Figure 5.6) were compared to the net 
measured C 0 2 (indicated as 'net measured C 0 2 equivalents' in Figure 5.6). The net 
measured C 0 2 production is the measured amount of released C 0 2 corrected for abiotic 
C 0 2 release (accounting for less than 1% to the total C 0 2 release) and C 0 2 released after 
accumulated intermediates (fatty acids and F Q have decomposed. The slopes of the C 0 2 
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Figure 5.5: Reduction sequence in the anaerobic rice paddy at (a) 14 °C, (b) 20 °C and (c) 30 
"C over time. All reduced compounds were expressed in equivalents CO2 to 
facilitate comparison of relative amounts 
Comparison of the two series of data points in Figure 5.6 shows that almost all released 
C 0 2 could be explained with the measured inorganic electron acceptors. At the start of 
the experiment a small difference between the two data series in Figure 5.6 occurred. 
This could mean that an alternative electron acceptor had not been accounted for. The 
difference between the two data series decreased over time. 
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Figure 5.6: Comparison of two methods of calculating cumulative CO2 production for the 
incubation experiment. Filled symbols represent total calculated CO2 equivalents 
and empty symbols represent net measured CO2 equivalents. Each data point 
represents the average of two replicates 
5.5 Discuss ion 
deduction sequence 
In this incubation study, oxygen had been removed by flushing the bottles with N 2 gas. 
In reality, however, oxygen is the first compound to be reduced. Therefore, the effects of 
oxygen on methane production will also be discussed briefly based on published data. 
Methanogenic activity is inhibited in the presence of oxygen (Denier van der G o n and 
Neue, 1996). This is a combined effect of specific inhibition and competition for the 
electron donor. Aerobic heterotrophic bacteria are stimulated by the presence of oxygen 
and will compete for the available electron donor with methanogens and other anaerobic 
bacteria. Specific inhibition was shown in experiments carried out with pure 
methanogenic cultures (Fetzer and Conrad, 1993): Methane production was (partly) 
inhibited at oxygen concentrations higher than 0.05% 0 2 . Using a Henry's constant of 
773 atm mol"1! for 0 2 at 25 °C, it can be calculated that this threshold level coincides with 
an oxygen concentration of 0.65 uM. As long as oxygen concentrations are above this 
level, methanogenesis will be completely suppressed. This effect is of importance, 
because such microaerophilic conditions can easily occur in a rice paddy (Frenzel et al., 
1992). This low threshold concentration means, for instance, that methane production is 
restricted within the rhizosphere. Steep gradients of methane near the root surface could 
be the result of this. 
Nitrate was the second compound to be reduced in our study. Nitrate reduction is 
however not of quantitative importance, because the pool size of nitrate was very small 
and all nitrate was reduced within a few hours. This is in accordance with data found for 
other soil systems (Achtnich et al., 1995a; Westermann and Ahring, 1987). Nitrate 
reduction will therefore be neglected in the further discussion of the results. 
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Fe3+-reduction started some time after all nitrate had been reduced. This might indicate 
that Fe3+-reduction was inhibited by an alternative electron acceptor that we did not 
measure or that the activity of the ferric-iron reducers had a small lag time as a 
consequence of the changed soil conditions during soil transport and storage. The Fe3+-
reduction was of quantitative importance and CH4 production was suppressed almost 
completely during Fe3+-reduction. Ferric-iron reducers are able to utilize acetate and H2 
concentrations far below levels that can be metabolised by methanogens or sulphate 
reducers (Lovley and Phillips, 1986; 1987). Only under conditions at which the amount 
of acetate and H2 is not limiting, methanogenesis and ferric-iron reduction can occur 
simultaneously. Lovley and Phillips (1986) did not find a direct toxic effect of Fe3+ on 
methanogenesis and there are no inhibition effects of redox potential on methanogenesis 
(Fetzer and Conrad, 1993). Lovley and Phillips (1987) therefore concluded that 
competition for acetate and H2 rather than a direct toxic effect of Fe3+ caused the 
suppression of methanogenesis. Michaelis-Menten kinetics for acetate could, however, 
not completely explain the extent of suppression of methanogenesis and sulphate 
reduction found in our study. This might indicate that at the start of the incubation, 
competition occurred for H2 rather than for acetate. Roy et al. (1997) showed that at the 
start of an incubation of rice soil slurry the methanogenic population was dominated by 
hydrogenotrophic methanogens. 
Sulphate reduction and methanogenesis occurred simultaneously, while methane 
production rates increased as sulphate concentrations decreased. This is in accordance 
with results of other studies (Achtnich et al., 1995b; Jakobsen et al., 1981; Westermann 
and Ahring, 1987). In general, a decrease in methanogenesis depends on environmental 
conditions. It has been found that direct toxic effects of sulphides were small 
(Kristjansson et al., 1982; Winfrey and Zeikus, 1977), and in this study soluble sulphide 
concentrations were below the detection limit, probably due to iron-sulphide 
precipitation. The low methane production in the presence of sulphate in the incubation 
experiment was probably caused by competition for organic carbon. Ratios of organic 
matter to sulphate have a large influence on the competition between sulphate reducers 
and methanogens (McCartney and Oleszkiewizc, 1993; Sinke et al., 1992). It has been 
found that if sulphate is in excess, sulphate reducers can outcompete methanogens for 
organic carbon (Schonheit et al., 1982; Visser et al., 1993), while at low sulphate 
concentrations different types of sulphate reducers compete for the available sulphate 
(Oude Elferink et al., 1994). 
Temperature-dependent competition between methanogens and sulphate reducers 
Competition between sulphate reducers and methanogens for electron donors was 
influenced by temperature. A comparison of the Q10 values for methanogenesis and 
sulphate reduction shows that CH4 formation was favoured at higher temperatures. 
Westermann and Ahring (1987) also found higher Q]0 values for methanogens than for 
sulphate reducers. The observed Q)0 for methanogenesis is considerably different from a 
Q10 of 2, which is often expected for biological systems. Due to this high Q10 value for 
methanogenesis, not merely the conversion rates, but also the competitiveness of the 
microorganisms changed with temperature. A mechanistic explanation for this 
temperature effect is difficult, the more so as two different substrates, acetate and H2, are 
involved. Based on the simplified schematic representation given in Figure 5.7, possible 
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explanations can be given. The basis of this figure is the competition for H2 between 
sulphate reducers, methanogens and homoacetogens and the competition for acetate 
(which might partly be produced by homoacetogens) between methanogens and sulphate 
reducers. Syntrophic interactions between sulphate reducers and methanogens, e.g. the 
consumption of acetate that inhibits metabolic activities at high concentrations, are not 
expected as acetate concentrations were too low to be inhibiting (Fukuzaki et al., 1990). 
The temperature influence on the competition processes should therefore be understood 
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Figure 5.7: Schematic representation of the competition between sulphate reducers and 
methanogens for the available substrate 
Sulphate reducers have a lower KM value for H2 than methanogens (Kristjansson et al., 
1982), and can therefore maintain lower steady-state H2 concentrations than 
methanogens (Achtnich et al., 1995a). In this study H2 levels were usually below the 
detection limit, which was 25 ppmv. Achtnich et al. (1995b) showed that H2 
concentrations are higher if methane is produced from H2. It is therefore unlikely that 
methanogens were able to win the competition for H2 with sulphate reducers in our 
study. The conversion from H2 to CH4 in Figure 5.7 can thus be neglected. 
The differences in KM values for acetate between sulphate reducers and methanogens are 
much smaller. Schonheit et al. (1982) found that competition for acetate occurred 
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between 0.1 and 3 mM acetate. In situ concentrations of acetate are usually in this range 
(Achtnich et al., 1995b; Rothfuss and Conrad, 1993). In our incubation acetate levels 
varied from 0.5 to 3.5 mM. Active competition between sulphate reducers and 
methanogens for acetate therefore occurred in this incubation experiment, while the 
methanogens were outcompeted for H2. Ueki et al. (1992) and Visser et al. (1993) found 
no acetoclastic sulphate reducers in some situations, while under the same conditions 
competition for H2 took place between sulphate reducers and methanogens. In our soil 
system the temperature effects may be explained by a change in the competition for 
acetate with temperature, because the competition for H2 was dominated by sulphate 
reducers at all temperatures. 
Homoacetogens produce acetate from H2, so this may affect the amounts of H2 and 
acetate available for methanogenesis. In the absence of sulphate reducers, methanogens 
and homoacetogens compete for H2. The amount of H2 converted to acetate by 
homoacetogens varies between 7-70% (Chin and Conrad, 1995; Krumbock and Conrad, 
1991; Rothfuss and Conrad, 1993), although the KM for H2 for homoacetogens is higher 
than for methanogens (Cord-Ruwisch and Ollivier, 1986; Cord-Ruwisch et al., 1988). 
This seems only possible if homoacetogens use H2 mixotrophically (Dolfing, 1988; 
Schulz and Conrad, 1996). As a result more than 67% (valid for methanogenic systems 
(Gujer and Zehnder, 1983)) of the methane can be produced via acetate, namely 69-90%. 
This justifies a focus on fatty acids, of which acetate is the most abundant, in this study. 
The reasoning changes, however, if sulphate reducers are present. The K ,^ value for H2 
for homoacetogens is much higher than for sulphate reducers, and it has been found that 
homoacetogens are outcompeted completely in the presence of sulphate reducers in 
some situations (Cord-Ruwisch and Ollivier, 1986; Cord-Ruwisch et al., 1988). The 
homoacetogens are thus suppressed by sulphate reducers and will not be able to convert 
H2 to acetate. Therefore homoacetogens could not have caused the observed 
temperature effect. The conversion from H2 to acetate in Figure 5.7 can thus be 
neglected. 
The high Q10 value of the methanogens may therefore be due to a competitive advantage 
of methanogens compared to sulphate reducers for acetate at increasing temperatures 
(bottom left in Figure 5.7). Such intrinsic temperature characteristics are known for pure 
methanogenic cultures (Schutz et al., 1990). These characteristics might be caused by 
either a larger increase in Vmax or by a larger decrease in KM for acetoclastic methanogens 
than for sulphate reducers with temperature. An increase in Vmax can only be explained 
by an increase in the consumption capacity per unit biomass (Qmilx), because it has been 
assumed that there was no net growth of methanogens during the incubation for reasons 
explained below. This also means that biomass is assumed to have been the same for all 
temperatures, because all samples came from the same slurry. How Qmall changes with 
temperature is not known. A somewhat higher temperature dependency of Qmax for 
methanogens than for other organisms might be expected, because the energy yield for 
methanogenesis is very low. Westermann et al. (1989) showed that KM values for 
methanogens can change considerably with temperature. Chin and Conrad (1995) 
showed that the AG°T for acetoclastic methanogenesis became more negative with 
increasing temperatures. Based on theoretical considerations, one might therefore expect 
a decreasing KM for acetoclastic methanogenesis with increasing temperatures. Based on 
the Van 't Hoff equation and the AH values given in (Thauer et al, 1977) sulphate 
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reducers are expected to have KM values that will increase with increasing temperatures. 
Due to these possible differences in kinetic characteristics, methanogenesis may have 
gained importance as temperature increased. This might explain the observations. 
It should also be noted that this temperature effect was found for different, but constant, 
temperature treatments. In environments with rapidly changing temperatures, all other 
factors being equal, organisms with the highest net growth rate and thus the best survival 
will win the competition. Cappenberg (1975) found that sulphate reducers won the 
competition at high organic carbon concentrations. At low organic carbon 
concentrations methanogenic biomass increased faster. In our study it was however 
assumed that there was no net growth of these bacteria. The effects of biomass growth 
will thus have been small. 
The first argument for this assumption is that the time at which the limitations for 
methanogenic activity disappeared (indicated by an exponential increase in CH4 
concentrations) did not coincide with an accumulation of fatty acids. Fatty acids should, 
however, accumulate specifically in this period if methanogenic biomass had been 
limiting. Instead, the maximum fatty acid accumulation occurred earlier, around the onset 
of methanogenesis and sulphate reduction (Figure 5.7). This might indicate that the 
accumulation of fatty acids occurred due to the inhibition of these two processes by iron 
reducers. 
Other arguments against net methanogenic growth as an important factor are: i) The 
transition from exponential accumulation of CH4 to a linear accumulation of CH4 
occurred as soon as all S0 4 had disappeared (Figure 5.3). This indicates that the activity 
limitation was due to competition or inhibition by the alternative electron acceptors, ii) 
Already after one day, some very small amounts of CH4 had been produced. Thus, the 
onset of CH4 production apparently does not depend on growth and significant increase 
in numbers of methanogenic bacteria, iii) It was found by Mayer and Conrad (1990) that 
the number of viable methanogenic bacteria that was present in a dry and oxic paddy soil 
before submergence was as high as during active methanogenesis. iv) Schiitz et al. 
(1989b) measured no change in the number of methanogens in a rice paddy soil during 
the growing season, v) The biomass of methanogens was not affected by storage under 
0 2 atmosphere (Fetzer et al., 1993; Mayer and Conrad, 1990; Peters and Conrad, 1995). 
The non-limiting amounts of biomass might explain why the steady-state concentrations 
of acetate were too low to be detected. This also means that the turnover rates of acetate 
were very high and not limiting. The response of the microorganisms to temperature (for 
instance diurnal fluctuations) should in that case be the same as we suggest in this 
experiment. Further investigation is needed to determine whether this effect is indeed 
enough to explain diurnal fluctuations in methane emissions. 
CO2 balance 
A C 0 2 balance that was calculated from the measurements showed that the released C 0 2 
could be explained nicely with the measured inorganic electron acceptors. An alternative 
electron acceptor that was missed might have caused the difference between the curves 
at the start of the experiment. Such an alternative electron acceptor can be either 
manganese or an organic electron acceptor (Lovley et al., 1996). This means that, 
contrary to peat soil (Lovley et al., 1996), organic electron acceptors may not be 
important in rice paddies. Presumably, this is caused by the lower soil organic matter 
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levels in rice paddy soils than in peat. The initial difference between the curves decreased 
in time. A possible explanation for this effect is an underestimation of the total C 0 2 
production from increasing activity by homoacetogens, converting C 0 2 to acetate. After 
all sulphate had disappeared from the system, homoacetogens might have been able to 
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Figure 5.8: Change in the Gibbs free energies (AG) for homoacetogens (diamonds), 
hydrogenotrophic methanogens (squares) and sulphate reducers (triangles) 
during the incubation at (a) 14 °C, (b) 20 »C and (c) 30 °C 
Figure 5.8 shows that the Gibbs Free energy (AG) (based on AG0 values obtained from 
Thauer et al. (1977), corrected for its temperature dependence by the Van 't Hoff 
equation) decreased for homoacetogens, while AG for methanogens and sulphate 
reducers increased (and sulphate concentrations decreased) in time. Conversion from 
C 0 2 to acetate thus becomes more favourable over time. The resultant underestimation 
in C 0 2 production might compensate for the underestimation in the calculated C 0 2 
released from the reduction processes, but this needs further investigation. 
Figure 5.6 also revealed that mineralisation rates decreased in time. This is probably 
caused by a decrease in available carbon over time. Available carbon from aerobic 
mineralisation that had accumulated during the aerobic period, was released at the start 
of the experiment and induced the reduction processes. After a while, only less readily 
available carbon is mineralised. This also occurs in the field at the time of land 
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preparation. The change in mineralisation rates over time should therefore be taken into 
account when calculating methane emissions from initial methane production rates. The 
C 0 2 release decreased further over time, because no further addition of organic matter 
occurred during the experiment. The change in soil mineralisation over time might 
provide an alternative explanation for the disappearance of the difference between the 
two curves in Figure 5.6. Less accessible carbon might not be described by the general 
formula (CH20)n that was assumed for the calculations. Consequendy, less H2 is 
produced causing an underestimation of the measured C 0 2 equivalents. 
5.6 Conclusions 
It was shown that in anaerobic soil slurry from a rice paddy, first N03" is reduced, 
followed by Fe3+ and SO/" reduction and methane production. The first two steps in the 
reduction sequence were exclusive, while competition occurred between sulphate 
reducers and methanogens. The outcome of this competition was shown to be 
temperature-dependent, indicating that temperature not only influences conversion rates, 
but also the competitiveness of organisms. Most importandy, the C 0 2 released could be 
explained with the measured inorganic electron acceptors, suggesting that organic 
electron acceptors do not seem to be important in rice paddies. 
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Microbial processes of C H 4 production in a rice paddy soil: 
model and experimental validation 
Abstract 
The importance of different anaerobic processes leading to CH4 production in 
rice paddies is quantified by a combination of experiments and model. A 
mechanistic model is presented that describes competition for acetate and 
H2/CO2, inhibition effects and chemolithotrophic redox reactions. The model is 
calibrated with anaerobic incubation experiments with slurried rice soil, 
monitoring electron donors and electron acceptors influencing CH4 production. 
Only the values for maximum conversion rates (Vmax) for sulphate and iron 
reduction and CH4 production are tuned. The model is validated with similar 
experiments in which extra electron donors or electron acceptors had been 
added. The differences between model estimates without kinetic parameter 
adjustments and experiment were not significant, showing that the model 
contains adequate process descriptions. The model is sensitive to the estimates 
of Vm„, that are site dependent and to the description of substrate release, that 
drives all competition processes. For well-shaken systems, the model is less 
sensitive to chemolithotrophic reactions and inhibitions. Inhibition of sulphate 
reduction and methanogenesis during iron reduction can however explain 
acetate accumulation at the start of the incubations. Iron reduction itself is most 
probably retarded due to manganese reduction. 
6.1 Introduction 
In rice fields, small organic compounds become available by root exudation, root decay, 
organic fertiliser decomposition and soil organic matter mineralisation. Methane (CH4) 
production is the terminal microbial process in anaerobic organic matter degradation in 
the absence of alternative electron acceptors like 0 2 , N0 3 " , Fe3+ and S 0 4 2 \ CH 4 
production is suppressed directly or indirectly by the presence of alternative electron 
acceptors (e.g. Achtnich et al., 1995a; Jakobsen et al., 1981). This suppression seems to 
be caused by competition for common substrates, particularly H 2 and acetate, with 
microorganisms using alternative electron acceptors and by several direct inhibitions on 
CH 4 production caused by accumulated products of anaerobic respiring microorganisms. 
Quantification and significance of these processes for CH 4 production are a major 
uncertainty in CH 4 production prediction. 
Due to complex interactions, it is difficult to obtain complete quantitative insight in all 
interactions by experiments alone, despite the fact that many experimental data are 
available. A combination of experimental data and a quantitative mechanistic model may 
lead to a better quantitative understanding of the interactions. In this paper, we present a 
new mechanistic model, calibrated and validated by experimental data. This model differs 
from other models in several important aspects: i) the model describes the conversions 
of frequently measured anaerobic alternative electron acceptors, in contrast to other 
models which summarise the alternative electron acceptors by one alternative electron 
acceptor (Segers and Kengen, 1998), neglect all alternative electron acceptors (Grant, 
1998; Vavilin et al., 1994) or treat only S O / ' (fames, 1993; Lovley and Klug, 1986). ii) We 
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describe substrate competition by Michaelis-Menten rate expressions, which are more 
appropriate than first- or second-order rate expressions (used by Boudreau, 1996; van 
Cappellen and Wang, 1996) if different limitations occur in time or if saturation for a 
certain compound can occur, iii) In addition to competition effects, direct inhibitions due 
to alternative electron acceptors are introduced. These effects are usually neglected in 
competition descriptions (e.g. Gupta et al., 1994; James, 1993). iv) Contrary to e.g. Grant 
(1998) and James (1993), it is assumed that changes in microbial biomass are small. A 
constant biomass is taken, which simplifies model parameterisation and model 
extrapolation, because -scarce- data on mortality and growth of anaerobic bacteria are 
not needed, v) The model includes chemolithotrophic redox reactions. Omission of these 
reactions may cause overestimation of organic matter oxidation. 
The objective of this paper is to obtain more quantitative insight in the significance of 
microbial interactions leading to CH4 production in well-shaken incubation»systems. A 
quantitative model is described, calibrated and validated by data from several incubation 
experiments. The model summarises mechanistic interactions between bacteria using 
alternative electron acceptors and CH4 producing microorganisms. Transport 
descriptions are not included in the model, because it is applied to well-shaken systems 
only and the model cannot be used to predict field gradients (Hunter et al., 1998). 
Various aspects of the microbial interactions are discussed in more detail and quantified 
by model sensitivity analyses. These analyses also reveal gaps in knowledge. 
6.2 Material and Methods 
6.2.1 Model calibration 
The model was calibrated using the experimental data of Chapter 5. In that study, soil 
slurries collected from rice paddies were incubated for 60 days at 14 "C, 20 "C and 30 "C. 
CH4 and C 0 2 production, accumulation and degradation of intermediate fatty acids and 
changes in various electron acceptor concentrations were measured. 
6.2.2 Incubation experiments for model validation 
General experimental set-up 
Soil was collected as described previously (Chapter 5). Soil slurries were prepared in 1 
litre serum botdes by mixing 250 ml sterilised distilled water with 100 g d.w. 
homogenised soil. The botdes were closed with butyl rubber stoppers, were repeatedly 
(6x) evacuated and flushed with N2 gas to a final pressure of 150 kPa. The anoxic soil 
slurries were incubated in the dark in triplicate at 20 °C and 30 °C, while shaken gendy at 
100 rpm. Additionally, slurries with 3.75% v/v formaldehyde were prepared in duplicate 
for each experiment to determine abiotic dynamics. All incubations were monitored daily 
for lactate, fatty acids, Fe(II), NO,-, N 0 2 , SO,2, S042", CH4, H2, NO, N 2 0 , C02 , 
sulphide and pH-H20. Samples were taken as described previously (Chapter 5). 
Short-term validation experiment with substrate additions 
A validation incubation experiment was carried out for 20 days to test the effects of 
several substrate additions. The four treatments were the addition of 7.5 g/1 rice straw 
(equivalent to 9 tons/ha) at day 3, addition of 15 mM acetate (below the inhibiting 
concentrations mentioned by Fukuzaki et al., 1990) at day 3, addition of 0.15 mmol H2/l 
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(below the thermodynamically inhibiting concentrations) to the headspace at day 3, 5, 7, 
9,11 and 14 and a control treatment without additions. 
Long-term validation experiment with sulphate addition 
A validation experiment was carried out to test the effects of sulphate addition. Air-dried 
samples were incubated at 10 °C for 2 months, to decrease the amount of readily 
degradable carbon. Then, slurries were prepared and incubated for 60 days. In the first 
treatment 4 mM ammonium sulphate was added at day 0. The second treatment was a 
control without additions. 
Short-term experiment on factors determining the lag phase for iron 
Lag phases for iron reduction have been found to depend on temperature and pre-
incubation conditions. It was hypothesised that an unmonitored electron acceptor, either 
humic acids or reducible manganese, caused this lag phase. Only the effects of reducible 
manganese were tested, because soil humic acid content was low. Soils incubated for 20 
days were therefore monitored additionally for Mn(II). Both adsorbed and dissolved 
Mn(II) were extracted as described for Fe(II) in Chapter 5. 
Analytical techniques 
Lactate, fatty acids, Fe(II), N O , , N02", S03 2 , S O / , CH4, H2, NO, N 2 0 , C02 , sulphide 
and pH-H20 were analysed as described in Chapter 5. No other low molecular weight 
organic acids could be detected in the soil slurries. In the short-term incubation on 
factors determining the lag phase for iron, reducible iron and reducible manganese were 
analysed by Inductively Coupled Plasma Atomic Emission Spectrometer (ICP-AES). 
6.2.3 Model description 
The model -summarised in Figure 6.1- describes the different microbial processes 
involved in anaerobic organic matter degradation in well-shaken soil slurries. 
Substrate release 
Basis of the model is the production of acetate and H 2 /C0 2 . These substrates are 
produced by soil organic matter mineralisation and by the decomposition of complex 
organic substances. This can be summarised by: 
(CH20)n + -nH20 -> -nCH3COOH +-nC02 + -nH2 (6.1) 
This reaction rate changes in time, because of decreases in easily accessible carbon. For a 
system that starts at the introduction of anaerobiosis (e.g. by the preparation of a rice 
paddy field after a dry fallow period), the reaction rate P ^ can be described by (Yang, 
1996): 
Pmin=Cmin-(l-S)-Kde-K«'ime (6.2) 
Where C,^ is the -constant- soil carbon content (mol C m 3 water) and Kd is the relative 
decomposition rate, given by: 
Kd=Rtime~S (6.3) 
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Where R (timesl) and S (-) are empirical parameters. More details about the parameters 
and parameter value determinations are described in Chapter 2. Rice straw 
decomposition is described by a similar set of equations, changing C,^ ,, into the amount 
of rice straw carbon. Substrate production from other sources, like root exudation, is not 


























Figure 6.1: Schematic representation of the interactions accounted for in the model. Lines 
indicate compound flows and dashes indicate inhibitory effects. 
Chemolithotrophic reactions are not indicated separately in this scheme. 
Substrate competition 
In the presence of alternative electron acceptors, methanogens have to compete for 
acetate and H2 with anaerobically respiring microorganisms using NO,", S O / and Fe(III) 
as electron acceptors. This competition is described by substrate conversion rates (V: 
mol m"3 water s"1). For methanogens (m^, substrate conversion is described by Michaelis-
Menten kinetics: 
KM m.+[substrate] 
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where B is the microbial biomass (mol biomass m"3 water), Qmax is the specific microbial 
activity (mol mol"1 biomass s') and KMmj is the affinity constant (mol m~3 water) while / is 
H2 (hydrogenotrophic methanogens) and acetate (aceticlastic methanogens), respectively. 
The substrate conversion rates for the other anaerobic microorganisms (fe,-) is 
summarised by double Michaelis-Menten kinetics: 
v _ n R [e'donor] [e'acc] 
V
et =Gmax,e,- ' Bet 1 I (6-5) 
KM,di+[e donor] KMa.+[e ace] 
where KMd and K.Ma are the affinity constants (mol m"3 water) for the electron donor (e 
donor) and electron acceptor (eacc), respectively. Acetate and H2 are electron donors and 
N03", NO, N 2 0 , reducible iron and S042" are included as electron acceptors. All KM 
values are summarised in Table 6.1. For iron the total reducible iron concentration is 
used and not the Fe(III) in the solution, thus assuming that ferric iron dissolution is not 
the rate-limiting step. Concentrations of gaseous compounds (NO, N 2 0 , C0 2 , CH4) are 
corrected for the equilibrium with the gas phase by Henry's law. 
Microbial biomass changes are not included in the model. Arguments for a constant 
biomass for methanogens and bacteria using alternative electron acceptors are given 
elsewhere (Chapter 5; Asakawa et al., 1998; Segers and Kengen, 1998). The constant 
microbial biomass allows a simplification of Eq. (6.4)-(6.5): 
Gmax-fi = ^max (6-6) 
where Vmax is a potential conversion rate (mol m"3 water s'). 
It is assumed that KM values are independent of temperature, although both 
thermodynamic considerations (Chapter 5) and experimental data (Westermann et al., 
1989) falsify this assumption. There are however not enough quantitative data to describe 
such changes with temperature. Temperature influence on Vmax values is described using 
a Q1(l value, indicating the increase in reaction rates at a temperature increase of 10 °C: 
(J-Tref) 
^ m a x ( n = Vm a x(7Ve /) G10 10 (6-7) 
where T„yis the reference temperature, which is 30°C in this study. 
In Table 6.1 the Vmax values at the reference temperature are indicated for the microbial 
processes. This table presents the total V ^ , which is the sum of conversions via acetate 
and via H2. To avoid too many degrees of freedom in the model calibration, it is assumed 
that Vj^via H2) = Vmax(via acetate), because there are not enough published data that 
allow a further specification. Only for CH4 production it is assumed that Vmax(via acetate) 
is twice the value of Vmax(via HJ. This assumption allows 70-80% of the CH4 to be 
produced via acetate (compared to a theoretical 67%) (Chin and Conrad, 1995; Rothfuss 
and Conrad, 1993). Due to homoacetogenesis, a H 2 /C0 2 to acetate conversion that 
mainly occurs after sulphate depletion (Chapter 5), aceticlastic methanogenesis is more 
important than hydrogenotrophic methanogenesis. By correcting the methanogenic Vmax 
in this way, it is not necessary model homoacetogenesis explicidy. The competition 
outcome is completely determined by differences in Vmax values, affinity constants and 
reactant concentrations. 
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(i) Leffelaar and Wessel, 1988 
(2) Assumed to be equal to (1) 
(3) No data, estimated between K M ( S 0 4 ) and K M ( N 0 3 ) by thermodynamics (Conrad, 1996) 
(4> Brandis-Heep et al., 1983; Middleton and Lawrence,1977; Visser et al., 1996 
(3) Jetten et al., 1990; Powell et al., 1983; Zehnder et al., 1980 
f6) No data, estimated from thermodynamics using Conrad (1996) 
O Kliiber and Conrad, 1993 
(8) Kristjansson et al., 1982; Lupton and Zeikus, 1984; Robinson and Tiedje, 1984 
(9) Kristjansson et al., 1982; Lupton and Zeikus, 1984; Robinson and Tiedje, 1984; Zehnder 
and Wuhrmann, 1977 
(i°) Estimated from Brunet and Garcia-Gil, 1996 
(ii) Estimated from Straub et al., 1996 
(12) Klemendtsson et al., 1977; Leffelaar and Wessel, 1988; Murray et al., 1989 
(") Estimated from Achtnich et al., 1995a; Lovley and Phillips, 1986; Roy et al., 1998 
(14) Brandis-Heep et al., 1983; Ingvorsen et al., 1984; Middleton and Lawrence, 1977 
<") Brunet and Garcia-Gil, 1996; Leffelaar and Wessel, 1988; Sweerts et al., 1990 
(,6) Estimated from Bak and Pfennig, 1991; Brunet and Garcia-Gil, 1996 
(17) Estimated from Benz et al., 1998; Straub et al., 1996 
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<18> Brunet and Garcia-Gil, 1996; Sorensen et aL, 1980 
(") McCartney and Oleskiewicz, 1993; Okabe et aL, 1995; Visser et aL, 1996 
(20) McCartney and Oleskiewicz, 1993; Visser et aL, 1996; Winfrey and Zeikus, 1977 
( 2 1 ) Balderston and Payne, 1976; Kluber and Conrad, 1998 
<*> Calibrated in this study 
Chemolithotrophic redox conversions 
Electron acceptor kinetics is complicated by the occurrence of chemolithotrophic redox 
conversions, occuring when inorganic compounds act as electron donor. Such 
conversions are included, but only two conversions occurring in freshwater systems 
could be quantified: 
Coupled nitrate reduction to N2/sulphide oxidation to sulphate (e.g. Dannenberg et al., 
1992) is included and described by the following substrate conversion rate description: 
v=vra„_!50 ma— (,8) 
K M J B + [ H S - ] K M , M > , + [ « V ] 
Additionally, coupled nitrate reduction to N2/iron oxidation to ferric iron (e.g. Straub et 
al., 1996) is described by the following description: 
The experiments were initiated under anaerobic conditions. Therefore, aerobic 
respiration and electron acceptor reoxidation by oxygen are not included in the model. 
The absence of aerobic respiration and the absence of transport limit the possibilities of 
above-mentioned chemolithotrophic conversions due to the lack of oxidised substrates. 
hag time and inhibition during iron reduction 
In a previous study we observed a lag phase of a few days before iron reduction started 
(Chapter 5). Other incubation experiments (Achtnich et al., 1995a; Ratering and Conrad, 
1998; Roy et al., 1997) also showed a slow start of iron reduction. This lag time cannot be 
explained from competition with nitrate reducers (results not shown). We therefore apply 
a fully empirical lag time for iron reduction as a function of temperature, based on 
experimental data (Chapter 5). 
Sulphate reduction and CH4 production were severely inhibited during iron reduction 
(Ratering and Conrad, 1998; Roy et al., 1997). Neither substrate competition (Ratering 
and Conrad, 1998) nor redox effects (Chapter 2; Ratering and Conrad, 1998) could 
explain this inhibition. Therefore, we postulate an empirical direct inhibition by iron on 
sulphate reduction and CH4 production. This inhibition is described by a constant 
threshold reducible iron concentration above which no sulphate reduction or CH4 
production occurs. 
Hired inhibitions 
Direct inhibitions are inhibitory effects on CH4 production caused by intermediates 
produced by anaerobic respiring microorganisms This inhibition is described by two 
parameters, a threshold concentration of toxic intermediates below which no inhibition 
occurs and a maximum concentration above which complete inhibition occurs. 
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Inhibition increases linearly in between these concentrations. Inhibition of CH 4 
production by sulphide, N O and N 2 0 , inhibition of sulphate reduction by sulphide and 
inhibition of nitrate reduction by sulphide are included (Table 1). Inhibition of N 2 0 on 
iron reduction may occur (Kluber and Conrad, 1998), but cannot be quantified. 
Inhibitions by SO,2 ' and N 0 2 " are not included either, because these compounds were 
never detected experimentally. Data for half-saturation constants for inhibition were not 
always available, but results are not affected if such description is used when available 
(results not shown). 
6.3 Results 
6.3.1 Model calibration 
Anaerobic incubation of slurried paddy soil led to a sequential reduction of electron 
acceptors (Figure 6.2). Nitrate was reduced first (data not shown), followed by iron. After 
these reduction processes, sulphate reduction and methane production started 
simultaneously, although low rates of sulphate reduction and methane production were 
already measured during nitrate reduction and iron reduction. At the end of the 
incubation, only methanogens were consumed acetate and H 2 / C 0 2 and methanogenesis 
was solely controlled by substrate production rates. The sequence proceeded faster at 
higher temperatures (Figure 6.2). Model calculations also showed an overlapping 
reduction sequence and were not significantly different from experimental results at each 
temperature (at P<0.05) -r2 >0.90 for all electron acceptors. 
20 30 40 
time (days) 
20 30 40 
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Figure 6.2 (continued next page) 
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Figure 6.2: Comparison of experiment (symbols) and model (lines) for the calibration of a 
long term incubation experiment with rice paddy soil at (a) 14°C, (b) 20°C and 
(c) 30 °C. Indicated are CH4 (open triangles and thick lines), CO2 (pluses and 
dashed lines) and acetate (crosses and thin lines) in the left figures and sulfate 
(open diamonds and dashed lines) and reducible iron (closed circles and thin 
lines) in the right figures. Note the different scales. 
The combined reduction processes caused a C 0 2 release (Figure 6.2), which was 
corrected for abiotic C 0 2 release and C 0 2 release coupled to propionate and butyrate 
accumulation, because these processes were not modelled explicitly. At the start of the 
incubation a lot of H2, acetate and C0 2 was released. Not all released H2 and acetate was 
consumed immediately and accumulated. Acetate disappeared when methane production 
was the dominating process. H2 was already below the detection limit, lOPa, after 4 days 
(data not shown). The model calculates a high mineralisation rate of readily accessible 
carbon at the start of the incubation. The resulting C 0 2 release is not significantly 
different (at P<0.05) from measured C0 2 at any temperature with r2=0.96. Acetate 
accumulation was approached only qualitatively. The quantity was significantly different 
from measured acetate concentrations (at P<0.05). Acetate accumulation is difficult to 
predict, because it equals the difference between soil mineralisation and soil reduction 
rates. The accumulation is very sensitive to small deviations in these descriptions, while 
especially soil mineralisation is difficult to predict. 
6.3.2 Model validation 
Two model validation experiments were carried out to test the model applicability. Both 
validation experiments were performed with the same soil. Calibrated Vmax values were 
used in the model, because soil storage does not affect microbial numbers (Mayer and 
Conrad, 1990). 
Short-term validation experiment with substrate additions 
The reduction sequence was accelerated -lag phases of CH4 production were reduced- by 
substrate additions (shown for 20°C in Figure 6.3. Trends are similar at 30°C). Modelled 
C 0 2 release increase tinder influence of substrate addition was not significantly different 
(at P<0.05) from the measurements, while no microbial parameter value had been 
changed. Substrate release was least increased in the H2 treatment and most in the acetate 
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treatment as is shown by the changes in C 0 2 and CH 4 in time (Figure 6.3). The increase 
in available substrate also increased CH 4 release rates. Measured and modelled CH 4 
production rates were not significandy different (at P<0.05) for the control, straw 
addition and H 2 addition. In case of acetate addition (Figure 6.3d), the model significandy 







Figure 6.3: Comparison of model and experiment for the short term validation experiment 
at 20°C for (a) control, (b) addition of rice straw, (c) repeated addition of H2, 
indicated by arrows and (d) addition of 15 mM acetate, indicated by an arrow. 
Symbols are as indicated in Figure 6.2. 
Long-term validation experiment mth sulphate addition 
Sulphate was added in the 2nd model validation experiment. Methanogenesis was only 
partly inhibited by sulphate addition (Figure 6.4). Modelled initiation and release of CH 4 
under influence of sulphate additions was not significandy different from the 
measurements (at P<0.05), although modelled methane production rates in Figure 6.4d 
were lower than measured. The model significandy underestimated sulphate reduction 
rates after t=20 days if sulphate was added. Sulphate reduction rates were not 
significandy different in the control (at P<0.05). 
In all incubations of Figure 6.4, organic substrate release -shown by the release of C 0 2 
and CH4- was much lower than in the calibration experiment (Figure 6.2). The model 
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corrected for the loss of easily accessible carbon during storage and C 0 2 release was no t 
significandy different from measured values, at P<0.05, although modelled C 0 2 release 
rates were in all cases slighdy higher than measured values. 
20 30 
time (days) time (days) 
Figure 6.4: Comparison of model and measured data for the long term validation 
experiment for (a) control at 20°C (b) addition of 4 mM sulphate at 20°C, (c) 
control at 30°C and (d) addition of 4 mM sulphate at 30°C. Symbols are as 
indicated in Figure 6.2. 
Short-term experiment on factors determining the lag phase for iron 
The model includes an empirical temperature dependent description for the lag time for 
iron reduction. This lag phase cannot have been caused by substrate limitation, because 
substrate concentrations were high during the first few days nor can it be explained by 
direct inhibition, because N 2 0 and N O had disappeared one day after all nitrate had been 
consumed. The lag phase dependence on temperature (Chapter 5), on preincubation 
redox conditions (Ratering and Conrad, 1998) and an unexplained C 0 2 release in the 
period before iron reduction (Chapter 5) suggest the influence of a more competitive 
electron acceptor, like reducible manganese. The results of a short-term incubation 
experiment on the initiation of iron reduction (Figure 6.5) show that iron reduction only 
started after almost all manganese had been reduced. This suggests that the lag phase is 
indeed caused by manganese reduction. 
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Figure 6.5: Sequence of iron reduction and manganese reduction in the short term 
validation experiment at 20°C 
6.4 Discussion 
6.4.1 Calibration of the model 
Model and experiment performance were not significandy different, except for acetate 
accumulation, while most kinetic microbial parameters (Table 6.1) resembled average 
values from published data that were kept constant in all simulations. Temperature 
effects were described by Q10 values, based on values obtained previously (Chapter 5) for 
nitrate, sulphate and iron reduction and CH4 production and a Q]0 of 2 for other 
processes. Only V,^ for sulphate and iron reduction and for CH4 production were 
calibrated, because Vmax is system dependent as it includes a measure of microbial 
biomass and activity, which again depend on site history and soil adsorption 
characteristics. Vmax values for other processes were not calibrated, because there were 
not enough experimental data to justify this. Calibrated V ^ values are all in the range of 
values derived from published data. The Vm„ for iron reducers is similar to the Vmax 
calculated from Achtnich et al. (1995a), Lovley and Phillips (1986, 1987, 1988) and Roy 
et al. (1997) assuming that acetate was not rate limiting. The same applies for the 
modelled Vmax for sulphate reducers (Crill and Martens, 1986; Lovley and Phillips, 1987; 
Roy et al., 1997) and for methanogens (Crill and Martens, 1986; Sass et al., 1990; Sigren 
etal., 1997). 
Because of the system dependence of Vmax values, it is important to know the sensitivity 
of the processes for these estimates. CH4 production rates are enhanced by 40% during 
CH4 production initiation if V,,^ of CH4 production is doubled (Figure 6.6a), causing a 
concomitant decrease in acetate and increase in COz concentrations. At the same time, 
sulphate reduction rates decrease slighdy at low sulphate concentrations, when the 
competitiveness of sulphate reducers is negatively affected (results not shown). A correct 
estimation of Vmax is thus important, while V,^ values are not always available. This 
limits the general applicability of the model. Estimation of Vmax from direct estimates of 
microbial numbers is difficult, because such estimates are affected by similar errors. 
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Another issue is the distribution of Vmax for methanogenesis. Aceticlastic methanogenesis 
Vmax was assumed to be twice as high as the hydrogenotrophic methanogenesis Vmax to 
account implicitly for homoacetogenesis in the CH4 production phase. On the other 
hand, hydrogenotrophic methanogens are more active than aceticlastic methanogens at 
the start of the rice-growing season (Roy et al., 1997). If V „ , of hydrogenotrophic and 
aceticlastic methanogenesis are taken equal, then CH4 production rates decrease 8% 
(Figure 6.6b), while sulphate and iron reduction rates increase less than 2% (results not 
shown). Methanogens are less competitive for H2 than for acetate (Achtnich et al., 1995b; 
Jakobsen et al., 1981; Lovley and Phillips, 1987), while H2 conversion is given more 
importance in this analysis. It is thus important to account for homoacetogenesis and for 
community dynamics within a functional group. This further complicates the estimation 
ofK^ values. 
The redox sequence in the incubations was well predicted at various temperatures with 
only the calibration of Vma]1 values. The redox sequence was incompletely separated in 
both model and experiment, while a complete separation would be predicted based upon 
thermodynamically determined affinity constants. The additional influence of potential 
conversion rates, direct inhibitions and lag times, however, induced sequence overlap. 
The combination of a high Vmax and a very high affinity for both acetate and H2 gave the 
nitrate reducers a large competitive advantage over bacteria using other electron 
acceptors (Table 6.1). In addition, NO but not N 2 0 concentrations were high enough -
maximally 7 103 mol m"3- to inhibit methane production during the first 2 days. This 
might be important in N-fertilised rice paddy fields. 
Iron reducers had a higher Vmax and higher affinity for both acetate and H2 than sulphate 
reducers and methanogens, which gave them a competitive advantage. Effects of 
inhibition on CH4 production and sulphate reduction during iron reduction, however, 
also played a significant role. Acetate (and HJ concentrations were too high to limit 
sulphate reduction initiation and if no empirical inhibition is included, then sulphate 
reduction and CH4 production are initiated immediately, which is much faster than 
experimentally found (Figure 6.6c). This again leads to a faster release of C02 . The 
inhibition could be predicted well by a single threshold concentration for reducible iron, 
independent of temperature and substrate (Figures 6.3 and 6.4). This suggests indeed a 
direct inhibition, even though such effect has not been described and even though the 
mechanism for such inhibition is unknown. An effect of redox potential seems 
improbable, since this has been falsified for methanogens (Fetzer and Conrad, 1993) and 
a redox potential effect on sulphate reducers is not known. The inhibition is an 
important cause for the ineffective acetate consumption and concomitant measured 
acetate accumulation. 
One hypothesis to explain the apparent inhibition is the simultaneous occurrence of 
sulphate reduction and sulphide reoxidation coupled to iron reduction. If such 
explanation is true, anaerobic methane oxidation coupled to iron reduction should occur 
as well, although this process has never been proven. Other chemolithotrophic reactions 
seem not important in well-shaken systems. If the Vmax for the other chemolithotrophic 
reactions -coupled nitrate reduction/sulphide oxidation and coupled nitrate reduction/ 
iron oxidation- is put to zero, nothing changes in the model outcome (results not 
shown). In field situations, where various reduced and oxidised substances become 
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available by transport, such reactions might however be important. More research is 
needed to eludicate the role of chemolithotrophic reactions. 
C 0 2 release was also well captured by the model. However, if substrate release is 
simplified to the release of only acetate - attributing all Vmax to the Vmax for acetate 
conversion and assuming that all H 2 / C 0 2 is transformed by homoacetogens- then C 0 2 
release is retarded and acetate accumulation overestimated. Initiation and rate of methane 
production is however hardly influenced (Figure 6.6d), because carbon substrate is not 
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Figure 6.6: Model sensitivity analysis at 20°C for the experimental results of the calibration 
experiment and modelled results of the default model (thick) and of the 
sensitivity analysis (thin) for CH4 (triangles), CO2 (pluses) and sulphate 
(diamonds) for (a) double Vmax values for CH4 production, (b) equal Vmax for 
hydrogenotrophic and aceticlastic methanogenesis, (c) no inhibition of sulphate 
reduction and methane production by reducible iron, (d) without introducing 
H2, (e) introducing KM values for CH4 production as a function of temperature, 
(f) use of sulfide inhibition parameters on methane production based on 
Cappenberg (1974) -note the different scales- and (g) no introduction of a lag 
phase for iron reduction. 
Temperature effects were also described well by the model. This means that the 
microbial community can react instantaneously to changes in temperature (without 
having to grow or induce enzymes). This information might be important to understand 
day and night rhythms in C H 4 emissions, found regularly in field studies (e.g. Sass et al., 
1991b; Schutz et al., 1989a; Yagi et al., 1996). It was assumed that substrate affinity was 
constant with temperature. For methanogens it was however shown that at 20°C the KM 
for both acetate and H 2 is higher than at the reference temperature of 30°C (Westermann 
et al., 1989). Such higher affinity for methanogens (maintaining constant KM values for 
other microbial processes, by a lack of quantitative data) increases CH 4 production rates 
by 2 1 % during the initiation phase and methanogens compete more effectively with 
sulphate reducers (Figure 6.6e). After sulphate is depleted, CH 4 production rates are 
limited by substrate production rates and become equal to default rates. The quantitative 
influence of temperature on KM values needs thus more consideration and might have to 
be determined separately for various functional groups and e.g. for fast growing and slow 
growing acetate consuming methanogens. 
6.4.2 Model validation 
Short-term validation experiment with substrate additions 
The first validation experiment tested the model with different carbon substrate regimes -
forced by the addition of straw, H 2 and acetate. This is an important validation, because 
organic substrate release drives the reduction sequence, providing the necessary 
electrons. The model could describe bo th the increase in C H 4 release rates -expected 
from Michaelis-Menten kinetics- and the decrease in the lag phase for CH 4 production 
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and sulphate reduction without changing any microbial kinetic parameter value. Similar 
effects of substrate additions on the initiation of sulphate reduction and CH4 production 
have been found by others (Achtnich et al., 1995b; Roy et al., 1997) and can be explained 
by the combination of a less severe competition for substrates and a faster depletion of 
alternative electron acceptors. These effects of substrate availability are very large and 
suggest that a proper description of substrate availability is more important for CH4 
production explanation than kinetic microbiological parameters. 
The only situation for which the model was significantly different (at P<0.05) from the 
experimental results, was for acetate addition. A possible explanation is that the Vmax for 
CH4 production was not fine-tuned well enough, while the system was more sensitive to 
this value than in other cases, because other limitations were absent in this case. Another 
explanation is that growth of methanogenic biomass occurred in this special case, thus 
causing an increase in VmaX. Especially the biomass of methanosarcina, a fast growing 
acetate consuming methanogen, might have increased in this period. This complication is 
not important for field situations, because acetate never accumulates to such high 
concentrations and the model could describe the effects of acetate accumulation under 
influence of high rice straw additions. 
Long-term validation experiment with sulphate addition 
Model validation with sulphate additions is an important test, because sulphate reducers 
are kinetically the most comparable competitors to methanogens. CH4 production was 
only partly inhibited during sulphate reduction, showing that sulphate reducers are not 
able to outcompete the methanogens. Inhibiting sulphide concentrations were never 
reached. Only if methane production inhibition is described by the sulphide values of 
Cappenberg (1975), then methane production is inhibited for 38 days (Figure 6.6f), which 
is much larger than in reality. 
The model underestimation of sulphate reduction at high sulphate levels might imply that 
growth of sulphate reducers could be important if sulphate concentrations are increased 
above concentrations naturally found in the field. Such situations might occur in rice 
paddies if inorganic fertilisers containing sulphate are applied. 
The experiment also showed that organic substrate release was reduced by a factor 4-5 by 
storage. Model predictions for this decreased release were not significantly different from 
measured values, but to fully account for losses during storage the model should be 
expanded with a more detailed description of soil mineralisation. 
Short-term experiment on factors determining the lag phase for iron 
The results of Figure 6.5 suggest that manganese reduction might explain the empirical 
lag time for iron reduction introduced in the model to describe the late start of iron 
reducers. Iron reduction, sulphate reduction and CH4 production start about 4 days 
earlier than experimentally found if no lag phase is introduced (Figure 6.6g). This again 
leads to an overestimation of C 0 2 in the early phase. A lag phase is thus necessary to 
describe the redox sequence. A mechanistic description of this lag phase is not yet 
possible, because kinetic parameters for manganese reduction are highly uncertain. This 
limits the applicability of the model because, if manganese reduction causes the lag phase, 
the lag phase will be dependent on reducible manganese concentrations and substrate 
release rates and thus upon soil type. 
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6.5 Conclusions 
Combination of model and experiments showed the quantitative importance of different 
microbial interactions leading to CH4 production in well-shaken systems. The 
mechanistic model was calibrated with incubation experiments at different temperatures 
by tuning only the Vmax values for sulphate and iron reduction and for CH4 production. 
The model thus balances mechanistic detail and available information well. Model results 
agreed with the validation experiments without the adjustment of any kinetic parameter. 
The competition for acetate and H 2 /C0 2 is the most important factor determining 
methane production. The model is therefore very sensitive to the description of substrate 
release. Competition outcome is partly determined by differences in V ^ values, which 
are system dependent. The Vmax should be estimated separately for H2 and acetate, as can 
be determined in experiments with labelled acetate and bicarbonate. This limits model 
applicability. 
On the other hand, the model showed that chemolithotrophic reactions and direct 
inhibitions of NO, N 2 0 and S2~ are not important in these well-shaken systems. The 
inhibition of sulphate reduction and methanogenesis during iron reduction explains 
acetate accumulation, but the mechanisms are unknown. The retardation of iron 
reduction is probably caused by the -uncertain- manganese reduction. A final gap in 
knowledge is the temperature dependence of affinity constants, while this has a clear 
influence on the outcome. 
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Diffusive gas transport through flooded rice systems 
Abstract 
In this paper a fully mechanistic model based on diffusion equations for gas 
transport in a flooded rice system is presented. The model has transport 
descriptions for various compartments in the water saturated soil and within the 
plant. Plant parameters were estimated from published data and experiments 
independent of the validation experiment. An independent experiment is 
described in which the diffusion coefficient of sulfurhexafluoride (SF6) in water 
saturated soil was determined. The model was validated by experiments in which 
transport of SF6 through soil and plant was monitored continuously by 
photoacoustics. The independent default settings could reasonably predict gas 
release dynamics in the soil-plant system. Calculated transmissivities and 
concentration gradients under the default settings show that transport within the 
soil was the most limiting step in this system, which explains why most gases are 
released via plant mediated transport. The root-shoot interface represents the 
major resistance for gas transport within the plant. A sensitivity analysis of the 
model showed that gas transport in such a system is highly sensitive to the 
estimation of the diffusion coefficient of SF6 and to the root distribution with 
depth. This can be understood from the calculated transmissivities. The model is 
less sensitive to changes in the resistance at the root-shoot interface and in the 
root fraction active in gas exchange. The model may be helpful in understanding 
diel patterns found for greenhouse gas emissions. 
7.1 Introduction 
Rice is one of the most important crops in the world. From 1951 to 1990 the harvested 
area of rice increased from 104 to l46 million ha (IRRI, 1991). Rice is cultivated under a 
wide variety of climatic, soil and hydrological conditions. Temporary or continuous 
flooding accounts for 86% of the global rice production (Neue and Roger, 1994). Under 
these flooded conditions, gas transport is hampered and oxygen depletion develops 
quickly. Rice plants adapt to this situation by the development of aerenchyma, both in 
roots and in shoots. 
Gas transport through rice plants occurs, contrary to many other wedand plants ('Allen, 
1997), only by diffusion and not by convection (Groot et al., 2000). Gases exchange via 
diffusion between the water-saturated soil and the root. This exchange mainly occurs at 
the root tip and through openings around lateral roots (van Noordwijk and Brouwer, 
1993; Flessa and Fischer, 1992). Both in roots and shoots, gases diffuse via the gas phase 
through aerenchyma (Ando et al., 1983). At the root-shoot interface, both aerenchyma 
systems are separated by a region of porous plant material (Groot et al., 2000), that 
reduces gas diffusion between root and shoot (Butterbach-Bahl et al., 1997). The gases 
exchange with the atmosphere either at the stomata or at special micropores (Nouchi and 
Mariko, 1993). 
All kinds of gases are transported by this plant transport system, for instance plant 
produced ethene (Lee et al., 1981) and oxygen (Jackson and Armstrong, 1999). The 
oxygen transport to the roots and into the soil is very important for the plant to create 
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microaerophilic conditions in the rhizosphere to detoxify anaerobically produced 
compounds (Kumazawa, 1984) and to allow proper root respiration. Gases produced in 
the anaerobic soil travel to the atmosphere via this plant mediated transport. Examples 
are the exchange of N2 , C 0 2 , N 2 0 and CH4 . Except for N2 , these gases are important 
greenhouse gases. Up to 90% of the methane emissions from rice paddies occurs via this 
plant mediated transport (Nouchi et al., 1994; Schiitz et al., 1989b). 
It is thus important to quantify the mechanisms of gas transport in the anaerobic plant-
soil system. Various models have been published on oxygen transport within one root 
(Armstrong and Beckett, 1987; Luxmoore et al., 1970a). Plant mediated transport of 
methane from rice paddies has been described by one fitted overall conductance value 
(Hosono and Nouchi , 1997). The diffusion of gaseous compounds into the rhizosphere 
starting at the root surface was modelled by Newman and Watson (1977) and Darrah 
(1991a,b). A combination of all these concepts into one mechanistic model for gas 
transport through the various compartments in a water saturated soil-plant system does 
not seem to exist, however. 
Therefore, this paper describes a mechanistic model on gas transport through a water 
saturated soil-plant system. In the model, various plant compartments and soil layers are 
distinguished to compare the transmissivities of each compartment. The analysis of 
model behaviour enables us to better understand and quantify the rate limiting steps in 
gas transport, which is helpful for the estimation of greenhouse gas emissions and for 
plant physiological applications. The model was validated by experiments in which the 
transport of the inert trace gas sulfurhexafluoride (SFJ was monitored and quantified. 
SF6 can be measured very sensitively and at high time resolutions by photoacoustics. This 
technique was therefore used in this study. 
7.2 Materials and methods 
Determination of the SF6 diffusion coefficient in soil 
For SF6 the diffusion coefficient in water and soils was unknown (Lang0 et al., 1996). We 














Set-up for the determination of the diffusion coefficient of SF6 in water 
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A known amount of pure SF6 was injected into a stirred bottom compartment containing 
water. From there it diffused into the soil-water compartment through a Prfilter with a 
porosity of 28% and pores of 100-160 |Am, permeable to water and dissolved products 
but not to gas bubbles. The soil-water compartment contained a few centimeters of 
water saturated soil topped with a water layer. The thickness of each layer was measured 
by a micrometer. The water was maintained at a constant level with a syphon connected 
to a communicating vessel. Water saturated N2 gas flowing through the headspace with a 
rate of 1 liter/h carried SF6 to the detector. A nation tube to trap water and a 10 ml 
KOH column to trap C0 2 were installed in front of the detector. 
The experiment was carried out twice with two different soil layer thicknesses. In the first 
experiment, the water saturated soil was 2.55 centimeter thick and had 1.10 cm water on 
top. In the second experiment a column with 1.09 cm water saturated soil and 0.33 cm 
water op top was used. The diffusion coefficient for SF6 could be calculated from these 
two experiments (see section 7.3.2). 
Model validation 
For model validation a similar set-up was used as described above for the determination 
of the diffusion coefficient of SF6 in water and soil, but this time the column contained a 
soil-rice plant system. Rice (Ory^a sativa L.) cultivar IR 72, a short-duration, photoperiod-
insensitive high yielding modern cultivar developed by IRRI, was used. Rice seeds 
germinated on petri dishes were double planted into a 17-centimeter deep mixture of rice 
paddy soil collected in the Philippines supplemented with Dutch river clay containing a 
low amount of organic matter. Plant spacing was 12.5 cm from the walls and 20 cm 
between plants. The plants were grown in a greenhouse in the Netherlands with a 
constant temperature of 26 °C and a 12 h dark-12 h light regime. After two weeks, the 
seedlings were thinned to one plant per spot in order to obtain uniform plant density. 
Septum 
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Figure 7.2 (continued next page) 
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Figure 1.2: Set-up for the model validation experiment a) side-view and b) top-view 
The first validation experiment started 90 days after germination and the second 
experiment started 103 days after germination. At the day the experiment started, an 
undisturbed plant-soil core was taken from the container in the greenhouse (to avoid wall 
growth). The core was installed into the set-up shown in Figure 7.2 and had a soil 
moisture content of 0.57 m3 water m"3 soil. During the validation experiment, the plant 
was kept in a 12 h dark-12 h light regime and a constant temperature of 22 °C. 
Aluminium was attached around the core to obtain good light exposure at all sides of the 
plant. 
Two milliliter pure SF6 was injected into the stirred bottom compartment containing 
water. From there it diffused through a Pj-filter, the soil and via the plant into the 
headspace. The water level was maintained at a constant level with a syphon. Water 
saturated air with a flow rate of 1 1/h was used as a carrier gas. C 0 2 and H 2 0 traps were 
installed in front of the detector. SF6 emission was monitored for 23 days and 16 days, 
respectively. In this paper we present data from gas released via plant mediated transport. 
C02-laser based trace gas detection 
SF6 concentrations were quantified by on-line C02-laser based trace gas detection. A 
C02-laser has typically 90 laser lines in the infrared (wavelength 9-11 Jim) region of the 
electromagnetic spectrum. All gases possessing high absorption strength combined with 
a characteristic absorption profile in the C02-laser region can easily be detected by 
photoacoustics. The gas flow to be analysed is guided through a detection cell through 
which a laser beam is directed. By comparing the signals at different laser lines, the gas 
response can be separated from other interfering signals. When the laser irradiates the 
gas, the molecules may absorb photons and get excited into a higher rotational-
vibrational state. This excitation energy is converted into kinetic energy of the molecules, 
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i.e. heat. In our case the molecules are periodically exited with a C02-laser in the infrared 
wavelength region by modulating the laser beam with a mechanical chopper at about 1 
kHz. In the confined volume of the cell this causes a sound wave well detectable by a 
microphone. The C 0 2 laser has a gas discharge tube of 40 cm long. The generated 
photoacoustic wave increases linearly with the incoming laser power. For this reason the 
low noise photoacoustic cell is placed inside the laser cavity. To enhance the 
photoacoustic signal further, the detection cell is designed as an acoustic resonator, 
matching the chopper frequency. The electric signal coming from the microphone is fed 
into a lock-in amplifier to improve the signal-to-noise ratio and to filter out acoustical 
noise picked up by the microphone. 
SF6 gas has a strong rotational-vibrational Q-band of the V3 vibration at 947.9 cm'. At 
atmospheric pressure a large number of rotational lines of this band overlap with the 
C02-laserline at 947.74 cm' resulting in an absorption strength of 0.85 Torr"1 cm"1 (Cox 
and Gnauck, 1980). Our C02-laser photoacoustic cell is able to detect SF6 concentrations 
down to 5 pptv. 
Determination of plant characteristics 
During the growth of the rice plants in the greenhouse, the dates at which a tiller formed 
was recorded and the tiller itself was labelled. Root length density was measured in rice 
plants grown in the same batch as the plants used in the model validation experiment. An 
undisturbed soil-plant core of 16 cm thick was harvested in the same week the validation 
experiment started. The whole core was frozen for a week at —20 °C. The frozen soil 
core was sawn into 4 equally thick horizontal layers. Roots were washed and stored at 4 
°C in 17% acetic acid solution. Root length per soil layer was determined in duplicate by 
a Comair Root Length Scanner, type HDH. 
7.3 Model 
7.3.1 Model description 
Transport 
The basis of the model is the diffusion of gas (either in the gas phase or dissolved in 
water) through different compartments present in a soil-plant system. These 
compartments are the bottom space and filter of our experimental set-up, the soil, the 
stagnant water layer on top of the soil, the headspace and plant roots and plant shoots. In 
the model, the soil is divided into N layers of equal thickness. Transport through 
convective flows is neglected as convective flows contribute little to the total water and 
solute transport in rice systems (Denier van der Gon and van Breemen, 1993; de Willigen 
and van Noordwijk, 1994). The diffusive gas flows (FloiVj) across an interface (in mol/s) 
can be described with: 
Flow, j = K , , . ( [ C ; ] - [ C , ] ) (7.1) 
in which Ky is the transmissivity of the interface between / andy (in m3 water s"1 or m3 gas 
s ' depending on the medium). K-,is a transport parameter through a porous medium that 
combines diffusion coefficients and medium properties (explained below). [C] is the 
concentration in a compartment and is expressed in the same volumetric medium units 
as the transmissivity and corrected for porosity, if necessary. The concentrations in the 
headspace, roots and shoots are expressed in the gas phase, as this is the dominant 
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transporting medium for these compartments. The concentrations are corrected by root 
porosity and shoot porosity, respectively. Root porosity depends on rice variety (Colmer 
et al., 1998), stage in the growing season (van Noordwijk and Brouwer, 1993) and the 
environment. In a more reduced environment more aerenchyma is formed (Ota, 1970). 
In the model, an average value of 0.295 m3 air m"3 root is used, which is an average from 
data presented in Armstrong et al. (1991), Barber et al. (1962), Butterbach-Bahl et al. 
(1997), Colmer et al. (1998), Jensen et al. (1969), Kludze and Delaune (1995a,b), Kludze 
et al. (1993) and Luxmoore et al. (1970a). Shoot porosity is estimated at 0.39 m3 air m"3 
shoot (Jensen et al., 1969; Butterbach-Bahl et al., 1997). In the soil, the dominant 
transport is via the water phase and is corrected via 0, the water filled porosity (in m3 
water m 3 soil). 
If compartments / andy have different media, then Ktj is expressed in m3 water s"1 and the 
concentration in the medium with the gas phase is corrected for the gas solubility by the 
Ostwald coefficient (pt), which is calculated at the reference temperature from Lango et 
al. (1996). Temperature dependence is calculated from the empirical equation and its 
values given by Wilhelm et al. (1977). 
Because Flow-- (Eq. 7.1) in rice paddies is determined by diffusion, JCcan be calculated in 
analogy to Fick's law: 
ZUi 
in which A.;, is the total cross section area at the interface (in m2), D- is the diffusion 
coefficient (in m2 s'; the exact formulation and dimensions are described by Eq. 7.3a) and 
^ i s the diffusion distance (in m). This formulation applies to the transmissivity of the 
bottom space-filter interface (Kbj) with ^equal to half the filter thickness and D4/equal to 
the effective diffusion coefficient in the filter (Dj) treated in Eq. 7.3b. This formulation is 
allowed, because the bottom space is continuously stirred and does not limit transport. 
The interface between soil layers (Kt) can be treated similarly, with ^ as the soil layer 
thickness and Dv equal to the diffusion coefficient in soil (D), treated in Eq. 7.3a. The 
transmissivity of the water-headspace interface (K,,^ has ^ of half the water layer 
thickness and Drll equal to the diffusion coefficient of SF6 in water (D„ in m2 water s"1). 
Finally, the transmissivity between soil and roots (K^J) can also be treated this way with 
^x) half the distance between roots and D I rthe soil diffusion coefficient (D). Subscript x 
indicates the layer number. The formulation of Ast, •, is treated below (Eq. 7.8). 
If the interface extends over two different media, then a weighted average of 
characteristics of both media is accounted for in K- -. 
A-
K;. ,. = {J (7.2b) 
Such a formulation applies to the transmissivity between filter and soil (KjJ (with ^is half 
the filter thickness and ^ is half the soil layer thickness) and to the transmissivity between 
soil and water layer (Kta) (with ^,,is half the water layer height). 
The transmissivity between roots in different soil layers (KTrr) accounts for different root 
cross section areas (A^ in different layers, explained further in Eq. 7.11 (layer numbers 
are indicated with subscripts x and x+1, respectively): 
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in which ^ is the half the root length of an individual root in a layer (Eq. 7.10) and D a is 
the diffusion coefficient of SF6 in air (in m2 gas s"1). The total root length of an individual 
root in a layer equals the soil layer thickness divided by root tortuosity (described by Eq. 
7.9). 
While gases can diffuse normally through the plant via root aerenchyma and shoot 
aerenchyma, gas transport is retarded at two interfaces -the interfaces root-shoot and 
shoot-headspace. Tissue porosity is severely reduced at the root-shoot interface, 
imposing an additional resistance and at the shoot-headspace the stomata or micropores 
introduce an additional resistance to diffusion. 
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in which (Orl is the conductance for the root-shoot interface (in m3 gas irf2 tiller s"'), zt is 
half the diffusion distance in a tiller (quantified below), A., is the tiller cross section area 
(Eq. 7.13), £, is root porosity and £t is tiller porosity (both quantified above). The 
conductance at the root-shoot interface seems an important limitation for gas transport 
through rice plants (Butterbach-Bahl et al., 1997). Various experiments were designed to 
estimate this conductance. The conductance was highly variable and was significantly 
affected by methodology, tiller position and tiller age (Groot et al., 2000). The model uses 
an average value for root-shoot conductance of 2.04.10"6 m3 gas m"2 tiller s"1 (Groot et a l , 
2000) as a default value. 
The transmissivity for the shoot-headspace interface (K/t) is described with: 
1 
vr,A 1 (7.2e) 
tot,hAsLAl£t DaAtet 
in which (Otb is the micropore conductance through which methane is known to be 
released from a rice plant (Nouchi and Mariko, 1993) and As is the soil surface (m2 soil). 
For simplicity the micropore conductance is given the same value as the stomata 
conductance, which varies between 0.003 and 0.02 m gas s 1 (Penning de Vries et al., 
1989). In the model a value of 0.007 is used. LAI is the leaf area index (m2 plant m 2 soil), 
which equals 4 for a well-developed rice plant canopy (Penning de Vries et al., 1989). 
Diffusion coefficients 
All transport characteristics have now been described except for D f and D s . Both are 
complicated by the influence of tortuosities -the increase in pathway due to soil 
structure- and water and gas porosities. D s is described by: 
Ds = £D°T°+eDwTw (7.3a) 
a 
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in which Ds is in m3 water m"1 soil s"1, £ is the gas filled porosity (in m3 gas m 3 soil), Xa is 
the tortuosity of gas filled pores (in m soil m"1 gas) and T„ is the tortuosity of water filled 
pores (in m soil m"1 water). Tortuosities are described according to Campbell (1985): 
T a = a - £ ( / 3 ~ 1 ) (7.4a) 
Tw=ad(P~J[) (7.4b) 
in which a and (3 are dimensionless empirical parameters, equal to 0.9 and 2.3, 
respectively (Campbell, 1985). 
The filter is water saturated and has a water content (G^ of 0.28 m3 water m"3 filter. The 
tortuosity, Xp is however unknown and was determined according to a method described 
below. This leads for the diffusion coefficient in the filter, Df, to: 
Df=xf0fDw (7.3b) 
If a bulk concentration instead of a concentration in one of the phases is used in 
combination with an effective diffusion coefficient, as is done in Stephen et al. (1998), 
then a change in transport rates is predicted upon a change in total porosity or upon 
other discontinuities, whereas real concentrations and thus real transport do not change. 
Plant characteristics 
The plant influences several transport parameters: ^_y, the diffusion distance between 
roots, Krr, the transmissivity between roots in different soil layers, Kr„ the transmissivity 
of the root-shoot interface and Klh, the transmissivity at the shoot-headspace interface. 
All these parameters are dynamic parameters and depend on root biomass: ^x) is 
influenced directly by the number of roots, Krr via A^, and ^. Krl and Ktb are influenced via 
the dynamic parameters A, and zt. 
Diffusion distance between soil and roots fc^ 
The diffusion distance between soil and roots is equal to half the distance between two 
roots. This distance depends on the root length density in a specific layer. Assuming that 
roots in a layer can be approached by randomly distributed infinite lines (assuming an 
infinitely small root radius), the average ^ r i n soil layer xis (derived from Ogston, 1958): 
)-ln(0.5) 
ZsHx)
~ in RLDx U) 
in which RLDX is the root length density in layer x (in m m"3 soil) and is calculated from: 
RLDX = average^ RLD • rel_ RLDX (7.6) 
in which average_RLD (in m m soil) is the total average root length density over the soil 
profile at time t. This variable is calculated from Eq. 3.1. rel_RLDx is a dimensionless 
empirical factor that equals the root length density in soil layer x divided by the total 
average root length density present at time t. To estimate rel_RLDx it is assumed that root 
lengths decrease exponentially with depth. The slope and intercept of the depth profile 
change during the growing season due to root growth into deeper layers. rel_RLDx is 
given by: 
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-{a +b -t)~ 
rel_RLDx=(al+bl-t)e N (7.7) 
in which t is time after transplanting the rice crop (in s) and a„ a2, h, and b2 are empirical 
parameters to describe the exponential function and are estimated from root length 
density data by Beyrouty et al. (1988), Kang et al. (1994), Slaton et al. (1990) and Teo et 
al. (1995) shown in Figure 7.3a. a„ a2, b, and h2 are equal to 4.63 (-), 5.09 (-), -4.16 107 (s" 
x) and -5.87 10"7 (s1), respectively, according to a minimum mean square error with 
observed data. The fit with 1^=0.62 was not significantly different from observed data, 
according to a student's t-test (P<0.05). 
The estimates for rel_RLDx were compared to the measured root length density of the 
plant used in the first validation experiment (harvested 102 days after transplanting). The 
results (Table 7.1) are similar and only estimated values for re/_KLDx are used in the 
remaining part of the paper. 
Table 7.1: Measured and modelled root length density distribution with soil depth. The 
total root length density (KLDX in m nr3) in a soil layer and the relative root 




















Root characteristics, As^x)) A^and £. 
The soil-root cross section area over which diffusion takes place, Alr(x), is given by: 
Kr(x) = Fexch • number of rootsx -lit- Rroot • root length (7.8) 
in which Frxd is the fraction of the root surface active in gas exchange. Gas exchange 
mainly occurs around the root tip of primary roots and along lateral roots (Flessa and 
Fisher, 1992). Tanaka et al. (1995) found that on average 83-90% of the total root length 
constituted of lateral roots and Yamauchi et al. (1987) found a contribution of 96%. It is 
estimated that the root tip forms 5.4% of the primary root, based on the observation that 
94.6% of an individual primary root is aerenchymous and the fact that root tips are not 
aerenchymous (Beyrouty et al., 1988). Based on these observations Ftxd will vary between 
0.84 and 0.96. For the model, 0.90 is chosen as a default value. 
root length is the average individual root length in a layer (in m) and is estimated, assuming 
that roots are small chimneys that cross a soil layer with a certain tortuosity, as: 
soil layer thickness „ „ 
root length = (7.9) 
T 
r 
in which Tr is the root tortuosity, which is estimated at 0.56 m soil m"1 root using Denier 
van der Gon and Neue (1996). From the root length, one can calculate zr as: 
root length 
Zr= (7.10) 
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The root cross section area over which diffusion takes place, A^x), is given by: 
2 A , . = numberof roots -K-(R ) (7.11) 
r(x) J x root v ' 
in which RM is the root radius of a single root, calculated to be on average 0.28 10"3m, 
based on a root radius for primary roots of 0.9-1.5 mm (Yu et al., 1995) and a lateral root 
radius of 0.1 mm, calculated from Drenth et al. (1991). The number of roots in a layer x is a 
function of RLDX and is thus a dynamic parameter: 
RLD • soil layer thickness • A 
number of roots = - - (7.12) 
x
 root length 
Tiller characteristics, A, and ^ 
The shoot cross section area over which diffusion takes place, An is given, analogous to 
the root cross section area, by: 
A, = number _of _tillersn(Rtnier) (713) 
in which Rtil/rr is the tiller radius, which was measured for rice plants of the same rice 
variety by Groot et al. (2000) and for which the average value of 3.2 10"3 m is used as 
default in the model. The number_of_tillers is a function of time and was monitored while 
growing rice plants in the growing chamber. The growth curve of the number of tillers 
was fit using a universal logistic growth curve: 
maximum number 
number _ of _ tillers = (7-14) 
1 j . V a rSrtil no '' 
in which maximum number is the maximum possible number of tillers and is estimated at 
31 (#/plant), similar to data of Watanabe and Kimura (1995). Klilm ((maximum tiller 
number-number of tillerst=0) /number of tillerst=0) and rgrtjl m (relative growth rate of 
number of tillers) were fitted to our tiller number observations (Figure 7.3b) at 31 and 1.5 
10"6 s4, respectively. 
The diffusion length through the tiller, zt, is half the distance from the root-shoot 
interface to the micropores. The micropores are located around the top gap between the 
epidermis of the culm and leaf sheath (Nouchi and Mariko, 1993). ^ can thus be assumed 
to be half the length of a tiller bud. This length depends on the time of tiller emergence. 
The later the emergence, the longer the tiller. The time it takes for a tiller to become fully 
developed is equal to the time needed to form two new tillers (Hanada, 1995). Neglecting 
this growing period, the average tiller bud length only depends on the number of tillers. 
The average tiller bud length was fit by a universal logistic growth curve: 
max imum length 
tiller bud length = -^ r— (7.15) 
1 -i- V
 0~
rZrtn kngth«Uernumber v ' 
in which maximum length is the maximum possible length of a tiller bud, estimated at 0.40 
m (personal observation). ¥.mUmb ((maximum length-tiller bud length,=0)/tiller bud 
length,^) and rgrajlnglb (relative growth rate) were fit at 26.1 and 0.394 tiller number"1, 
respectively. A comparison with observed data is given in Figure 7.3c. 
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Figure 7,3: Plant parameters for a) depth distribution of root length density from a data 
compilation from Teo et al. (1995), Kang et al. (1994), Slaton et al. (1990) and 
Beyrouty et al. (1988) as a function of the number of days after transplanting (in 
legend), b) fit of the number of tiller and c) fit of the tiller bud length. 
A carbon balance is included in the computer model and never showed relative 
deviations >10~6. Time steps in the model are determined by the characteristic time of the 
fastest flow, which is the flow in root and shoot (see section 7.4.1). The calculation of the 
amount of gas released in time is used for model validation. 
7.3.2 Est imation of SF6 diffusion coefficients 
The prediction of SF6 gas transport was limited by two unknown parameters, IVand the 
Dw for SF6. Both parameters were estimated simultaneously by a measurement set-up 
without a plant, described in section 7.2. For both experiments an effective diffusion 
coefficient (Def£) can be related to the transport characteristics according to: 
total thickness filter thickness soil thickness water thickness 
J
 • • (7.16) A •eff Dwefxf e-D„x„ +e-D„,T„, A. 
a 
All thicknesses were measured (in m), 6 was measured (0.57 m3 water m 3 soil) and \ , Xw, 
9 f and a were known. Deff was estimated numerically with Eq. 7.1, 7.2a, 7.3 and 7.4, 
while assigning the same constant D ^ to each compartment. The soil and water 
thickness were different in the two experimental replicates, yielding two Deff values. The 
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two unknown parameters, T^and D„ could be solved analytically in combination with Eq. 
7.16 by substitution. This resulted in a SF6 diffusion coefficient in water of 1.31 10~9 m2s"' 
(at T=303 K) and a t^of 2.78 m filter m"1 water. The results of the two experiments and 
the modelled SF6 release using the calculated T a^nd Dw are shown in Figure 7.4. 
50 100 
time (hours) 
Figure 7.4: Fit of diffusion coefficient to measured concentrations of SF6 for a) the first 
experiment and b) the second experiment 
Temperature dependence of Dw is calculated with a Q10 value. The Q]0 value is given the 
value of 1.31, analogous to Segers (2000), after comparison with the temperature 
dependence of common atmospheric gases. The diffusion coefficient of SF6 in air at any 
temperature is calculated from the binary diffusion coefficients using the formulations 
and parameter values given in Hirschfelder et al. (1964). 
7.4 Results 
7.4.1 Model validation 
With the determination of the diffusion coefficients, all parameters to describe the soil-
plant system are known. The average transmissivities for the different compartments for 
the first model validation experiment are presented in Figure 7.5. The transmissivities for 
the root compartment (except for the upper root layer that includes the root-shoot 
interface) and the shoot compartment are much higher than transmissivities of other 
compartments. The transmissivities show that diffusion through the rice plant is not the 
rate-limiting step, as was suggested already by Lee et al. (1981) and Armstrong and 
Gaynard (1976). The combined transmissivities for the soil-root interface, root and shoot 
compartments are also higher than the transmissivity for the soil compartment itself. In 
addition, concentration gradients within the soil are much smaller than between soil and 
root (results not shown). This explains why most of the gas produced in the soil (e.g. 
methane) is emitted via plant mediated transport -given that the root system is well 
developed- (e.g. Schiitz et al., 1989b). The transmissivity and the concentration gradients 
for the soil compartment are by far the smallest and thus the rate-limiting step in gas 
transport through the soil-plant system. The transmissivity for the soil-root transport is 
the second rate-limiting step. This shows, in accordance with the suggestion of Jackson 
and Armstrong (1999), that the root surface represents a major gas transport resistance. 
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Transport limitations due to diffusion in soil and water are more severe than those at the 
water-air interface. It thus seems improbable that measurement techniques, e.g. using 
closed chambers for greenhouse gas emission measurements, will lead to major changes 
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Figure 7.5: Overview of all ttahsmissivities (m3 s1) 
The results of the validation experiments are shown in Figure 7.6. SF6 follows a pattern 
similar to the diffusion experiments without a rice plant. The model predicts the gas 
transport through the soil-plant system with reasonable accuracy without fitting any 
parameter and using only default settings. If the plant presence is neglected, diffusion 
rates are severely underestimated, because the plant mediated transport pathway is 
blocked (data not shown). Inclusion of the characteristics of the plant system is thus 
necessary for the prediction of gas flows. On the other hand, gas transport rates are only 
slightly increased (data not shown) if it is assumed that conductivity through the plant is 
infinite and thus the gas is released into the atmosphere as soon as it enters the plant. 
These results can be understood from the transmissivities shown in Figure 7.5. 
Measured gas concentrations in Figure 7.6a show distinct spikes. An increase in SF6 
concentrations occurred within two hours after the light was turned on and a downward 
spike was found after the light was turned off. Equilibrium was obtained within few 
hours and the SF6 signal represents real emission values while equilibrium was present. 
Similar spikes occurred when the temperature was increased artificially by 5 °C, excluding 
direct effects of light radiation (data not shown). 
In the second validation experiment the flow inlet had been moved to the bottom of the 
headspace. This resulted in an immediate mixing of the air within the headspace and 
avoided spike formation (Figure 7.6b). This indicates that the spikes were not caused by 
changes in the diffusion coefficient or solubility with temperature, but that probably the 
headspace compartment had not been mixed properly in the first validation experiment, 
even though there had been a continuous flow. It seems that at a temperature increase, 
mixing with the lower part of the compartment increased, leading to a release of 
accumulated SF6. At the moment the light was turned off and temperature decreased, 
mixing decreased as well and a new equilibrium was formed after some time. 
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Figure 7,6: Measured and modelled changes in SF6 concentrations in time in a) the first 
validation experiment and b) the second validation experiment. Modelled 
concentrations were calculated with the default settings of the model 
In both validation experiments, the measured SF6 signal started to increase later than the 
modelled SF6 release. This might have been caused by the way of injecting SF6. Gaseous 
SF6 had been added to the bottom space and the gas dissolved by stirring. The temporary 
presence of small gas bubbles underneath the filter may have retarded gas diffusion. 
7.4.2 Model sensitivity analysis 
The model presented in this paper describes gas transport in a soil-plant system as 
mechanistically as possible. It can predict SF6 release reasonably well without fitting any 
experiment specific parameter. Some plant parameters were estimated from a general 
expression including the time after germinating in combination with the total 
aboveground biomass. Other plant parameters were derived from published data. Soil 
transport characteristics were estimated either from published data or from experiments 
independent of the validation experiments. Even though no parameter fitting was 
performed, it is important to understand the sensitivity of gas transport to the various 
parameters, because many parameter values are variable or uncertain. Only parameters 
influencing transport processes with low conductances will affect SF6 release. From 
Figure 7.5 it follows that SF6 release is hardly sensitive to processes within tillers and 
roots. These processes were therefore not studied in our sensitivity analysis. We focussed 
on effects of the exchange surface of the roots, the diffusion coefficient of SF6 in water, 
the conductance at the root-shoot interface and the effects of different distributions of 
RLDX. The latter is of importance for the determination of K ^ . All variables were varied 
one at a time within the range estimated from experiments and published data. For 
comparison, we used data from the first validation experiment, because this experiment 
had a uninterrupted measurement series. 
Effects of the not fraction permeable to gas, Flxd 
Only lateral roots and root tips contribute to gas exchange at the root surface. The 
influence of increasing Fexch -which is almost equivalent to the sensitivity for a variation 
in root radius- is small (Figure 7.7a) and one might as well assume that the complete root 
surface is active in gas exchange. The total root surface is largely determined by the 
Diffusive gas transport through flooded rice systems 129 
lateral roots (leading to a default setting for Fexch of 0.90). Only if Fexch is decreased below 
0.8 -thus assuming that there are only primary roots in the system- then the systems 
response is modified without improving the transport description. Such low Fexch values 
are, however, not likely to be encountered in nature. The system is not sensitive to Fexch if 
Fexch is kept in a reasonable range. 
Figure 7.7: Sensitivity analysis of the model. The sensitivity were tested against measured 
values for a) the fraction of the root surface active in gas exchange (Fexch), b) 
estimation of the diffusion coefficient of SF6 in water at T=303 K (Dw), c) 
different estimates for the conductivity at the root-shoot interface of the rice 
plant (COr.t) and d) different root distributions. Two extremes, a uniform 
distribution with depth and a root distribution with depth as it is at the start of 
the season and their intermediates were tested. 
Effects of diffusion coefficient ofSF6 in water, DrSF6 
The effects of a change of plus and minus 5 and 10% in the default estimate of 1.31 10"9 
m2 s"1 for D w SF6 are much larger and major differences in the systems response are found 
(Figure 7.7b). This can be understood from Figure 7.5, which shows that the transport 
through the soil is the rate-limiting step. A n increase in Dw S F 6 overestimates transport 
during large periods of the incubation. A decrease in D w SF6 describes the response slighdy 
better at the start, but poorer than the default settings in the central period of the 
incubation. It seems not unreasonable that D w SF6 was overestimated if one considers that 
D a S F 6 was 1.01 10"5 at 303 K and that D w is about 10"4 times D a . There is thus a need for 
better experiments to determine D w SF6. 
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Under influence of temperature changes, Dw can easily change by 5 or 10%. Such 
changes lead to large changes in gas emission patterns (although less than estimated by 
the conductance predictions of Hosono and Nouchi (1997)) and may contribute 
considerably to the diel emissions patterns found e.g. for methane emissions (e.g. Nouchi 
etal.,1994). 
Effects of the root-shoot conductance, C0rl 
Although the low conductance at the root-shoot interface is by far the most important 
resistance for plant transport within the plant and one of the lower transmissivities in the 
complete soil-plant system, the effects of a change in 0)rl ate small (Figure 7.7c). The 
values for (0r, were varied within the range encountered in experiments (Groot et al. 
(2000)), but the system was almost insensitive to these changes. 
On the other hand, if there had been no transport limitation, like (Orn within the plant, 
then gas concentrations within the plant would have been similar to ambient 
concentrations. Methane concentrations within the plant are, however, much higher than 
ambient concentrations (Byrd et al., 2000). 
Effects of wot length distribution with depth, re/_KLDx 
An average fitted relJRLDx was used in the model. This distribution was estimated from 
published data and tested for our validation experiment (Table 7.1). The differences with 
measured distributions were small but, given the plasticity of root distributions and the 
transport limitation induced by the transport between soil and root, the sensitivity for 
re/__KLDx was tested. The influence of different assumptions for re/_RLDx on measured 
gas release rates was very large (Figure 7.7d). Hardly any SF6 is released at a root 
distribution that occurs at the start of the season (keeping the same total average RLD 
over the profile). With a uniform rel_KLDx, SF6 release is increased, especially at the start 
of the incubation. This shows -as expected based on the transmissivities in Figure 7.5-
that the bottom layers are the most important layers for the gas transport to provide a 
fast shortcut to plant mediated transport. The differences in measured and predicted 
re/_RLDx for the bottom layers (Table 7.1), may thus have led to the differences in 
measured and predicted SF6 release. Due to the plasticity of re/_KLDx it will be very hard 
to make a fully accurate prediction of the dynamics in gas release rates from soil-plant 
systems. 
7.5 Conclusions 
In this paper we present a fully mechanistic model based on diffusion equations for the 
gas transport in a soil-plant system of flooded rice. The model combines transport 
descriptions within the soil with those within the plant and is more comprehensive than 
other published transport models. Model parameters were estimated from published data 
and experiments from the validation experiment. These default settings could reasonably 
predict gas release dynamics in a soil-plant system. Deviations between model and 
measurement are most probably caused by the chosen root distribution with depth, as 
was shown by the sensitivity analysis. Calculated transmissivities and concentration 
gradients under the default settings show that transport within the soil is the most 
limiting step in this system, which explains why most gases will be released via plant 
mediated transport. The low transmissivity in the soil also explains why the system is 
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highly sensitive to changes in the estimation of DwSF6. This may however change if a 
different re/_RLDx is chosen. At a rel_KLDx that occurs at the start of the season, the low 
number of roots at the bottom layers limit transport from the bottom space, as shown by 
the sensitivity analysis. The root-shoot interface represents the major resistance for gas 
transport within the plant. 
This mechanistic model helps to understand the importance of plant mediated transport, 
but may also provide insight in other features of gas transport in flooded plant-soil 
systems. At in situ conditions, the distance between the site of gas production and roots 
is much smaller than in our experimental system. The limiting factor for gas transport, 
D„SF6, is sensitive to temperature changes. This fact, in combination with the shorter 
diffusion distances, might provide a -partial- explanation for diel patterns found for 
greenhouse gas emissions. 
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Abstract 
A mechanistic approach is presented to understand oxidation of the greenhouse 
gas methane in the rice rhizosphere of flooded paddies. Methane oxidation 
involves the conversion of methane and oxygen to CO2 and water by obligate 
methanotrophic bacteria. In flooded rice paddies these methanotrophs compete 
for available O2 with other types of bacteria. Soil incubation studies and Most 
Probable Number (MPN) counts of oxygen consumers show that microbial 
oxygen consumption rates are dominated by heterotrophic and methanotrophic 
respiration. MPN counts of methanotrophs show large spatial and temporal 
variability. The most abundant methanotrophs (Methylocystis sp.) and 
heterotrophs (Pseudomonas sp. and Jkhodococms sp.) were isolated and characterised. 
Growth dynamics of these species at carbon and oxygen limitations are 
presented. Theoretical calculations based on measured growth dynamics show 
that methanotrophs are only able to outcompete heterotrophs at low oxygen 
concentrations (frequendy <5 |lM). The oxygen concentration at which 
methanotrophs win the competition with heterotrophs is not dependent on 
methane concentration, but it is highly affected by organic carbon 
concentrations in the paddy soil. Methane oxidation is severely inhibited at high 
acetate concentrations. This is in accordance with competition experiments 
between Pseudomonas sp. and Methylocystis sp. carried out at different oxygen and 
carbon concentrations. We hypothesise that methane oxidation mainly occurs at 
microaerophilic, low acetate conditions and thus not very close to the root 
surface. Acetate and oxygen concentrations in the rice rhizosphere are in the 
critical range for methane oxidation and a high variability in methane oxidation 
rates is thus expected. 
8.1 Introduction 
Rice paddies are an important source of the greenhouse gas methane (Houghton et al., 
1996). The magnitude of methane emission from rice paddies reflects the balance 
between methanogenesis and methanotrophy. Methane oxidation occurs at 
anaerobic/aerobic interfaces with available oxygen and methane: the soil-water interface 
and the rice rhizosphere. At the soil-water interface methane oxidation efficiencies are 
fairly constant at 70-95% of the transported methane (Banker et al., 1995; E p p and 
Chanton, 1993; Gilbert and Frenzel, 1995; Schiitz et al., 1989b). Estimates of methane 
oxidation in the rice rhizosphere are much more variable. They range 7-90% of the 
transported methane (Denier van der G o n and Neue, 1996; E p p and Chanton, 1993; 
Gilbert and Frenzel, 1995; Holzapfel-Pschorn et al., 1985; Sass et al., 1992) and still vary 
from 7-52% if only data obtained from specific inhibitor studies are included. A better 
mechanistic understanding of rice rhizospheric methane oxidation is important for a 
good prediction of methane emissions from rice paddies. 
Obligate methanotrophic microorganisms carry out methane oxidation. In freshwater 
wetlands, high affinity methanotrophy (Bender and Conrad, 1992) does not have to be 
considered (Segers, 1998) and neither does anaerobic methane oxidation (Chapter 3). 
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Nitrifiers are also of little importance to methane oxidation in the rice rhizosphere 
(Bodelier and Frenzel, 1999). Methanotrophic activity is thus determined by oxygen and 
methane concentrations. Methanotrophs are the most important methane sink in the rice 
rhizosphere and there is thus no competition for methane. However, an intensive 
competition for oxygen occurs. Quantification of the competition for oxygen forms the 
basis for a better understanding of methane oxidation rates. Important oxygen sinks are 
plant respiration, chemical oxidation and microbial oxidation. 
This paper quantifies oxygen sinks in rice paddies. Isolation and characterisation of the 
most abundant microbial oxygen consumers in this system are described. Their growth 
kinetics in relation to oxygen and carbon substrate concentrations is studied. 
Competition experiments for oxygen between these organisms and theoretical 
considerations of competition for oxygen are presented. This should result in a better 
mechanistic understanding of methane oxidation in the rice rhizosphere. 
8.2 Materials and Methods 
8.2.1 Sinks for oxygen in a rice paddy soil 
Overall oxidation rates 
Ten soil slurries were prepared in 120-ml bottles by mixing 25 g air dried rice paddy 
Maahas soil from the Philippines (Wassmann et al., 1998) with 25 ml water. The bottles 
were closed with butyl stoppers and incubated anaerobically for 2 months at 30°C while 
shaken at 120 rpm to obtain a fully reduced soil. After 2 months, samples were taken for 
analysis of inorganic anions and Fe2+. Reoxidation of nitrogen, iron and sulphurous 
compounds was measured in duplicate in bottles opened for 8 hours, 1 day, 2 days and 4 
days, respectively and in a control that was not opened at all. Samples for inorganic 
anions and Fe2+ were taken daily. The same experiment was carried out at 15 and 20°C. 
Aerobic microbial communities 
A soil slurry was prepared from air-dried rice paddy Maahas soil from the Philippines. 
The slurry was left to stabilise for 1 week at 30°C while shaking at 120 rpm. Dilution 
series down to 1010/g d.w. soil with a step size of a factor 3 were prepared in triplicate in 
120-ml bottles with 25 ml sterile Nitrate Mineral Salts (NMS) medium (Whittenbury et 
al., 1970) and closed with butyl stoppers. Series were prepared at 20% O z / 80% N2 with 
30 mM acetate, at 1% 0 2 / 99% N2 with 30 mM acetate and at 1% 0 2 / 19% C 0 2 / 80% 
H2 with 1 mM acetate. For each series, treatments with different additional electron 
donors were prepared by adding 240 mM Fe2+, 30 mM S 2 0 / -which is more stabile than 
H2S- 30 mM NH4+, 10% CH4 in the gas phase and no additional donor, respectively. A 
control without soil was included for each treatment. Optical density (O.D.) -measured 
routinely photospectrometrically at 660 nm- and the consumption of electron donors 
and electron acceptors were monitored weekly for ten weeks. Positive growth was 
assumed if a significant decrease in the additional electron donor concentration (or in 
acetate concentration in case no additional electron donor was added) was determined. 
For iron oxidation, tubes with gel-stabilised gradients (Emerson and Moyer, 1997) were 
prepared with and without soil inoculation. After 4 weeks, the tubes were frozen and cut 
into small bands. Each band was analysed for Fe2+ and 0 2 after thawing. 
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Microbial oxygen consumption rates 
Enrichments from the highest dilution with growth on acetate, Fe2+, S2032, NH4+ and 
CH4 at 1% 0 2 and 1 mM acetate were used to quantify the potential activity of microbial 
oxygen consumption. The total number of bacteria in these enrichments was counted 
using a Biirker-Tiirk counting cell. 10 ml of the enrichment was added to 25 ml freshly 
made sterile NMS medium in a 120 ml bottle with 1% 0 2 in N2 and additional 30 mM 
acetate, 240 mM Fe2+, 30 mM S20,2 , 30 mM NH4+ or 10% CH4, respectively. Bottles 
were incubated in the dark at 30°C shaking at 120 rpm. Oxygen concentrations in the gas 
phase were monitored daily for two weeks. 
8.2.2 Culture isolation and characterisation 
Microorganisms were isolated from the highest dilution from the MPN counts (section 
8.2.1). The heterotrophs and the methanotrophs from the highest dilution with growth 
were enriched in NMS-medium with acetate and CH4 as sole C-source, respectively. By a 
combination of inoculation and selection on liquid NMS media and NMS media in 
highly purified agar, microorganisms were isolated from the enrichments. 
Cell morphology of isolated heterotrophs, strains HET-1 and HET-2, was analysed in 
liquid NMS-medium and acetate as sole C-source by microscopy. Colony morphology 
was analysed by growth on NMS-medium in agar with acetate as sole C-source. Gram 
stain reaction and the presence of cytochrome oxidase were tested (Krieg, 1984). The use 
of acetate, ethanol, glucose, citrate, lactose and fumarate as sole C-source by the 
organisms in liquid aerobic NMS medium at 30°C was tested. The decomposition of 
urea, arginine, lysine, ornithine and tryptophane in liquid aerobic NMS-medium at 30°C 
was also tested. The denitrifying capacity, reduction of sulphurous compounds and the 
fermentation of glucose, mannitol, inositol, sorbitol, rhamnose, sucrose, melibiose and 
arabinose at anaerobic conditions were tested in liquid NMS-medium at 30°C. The 
denitrifying capacity was also tested in solid agar with NMS-medium at 30°C. The growth 
temperature response on 30 mM acetate in liquid NMS-medium was tested at 10, 20, 30, 
37 and 45°C. rDNA of the heterotrophic strains on agar plates was amplified in a PCR-
reaction with the universal 16 S rDNA primers 27F and 1492R. The size of the PCR-
product was tested on an agarose gel and purified using the QIAquick purification kit. 
Amplified 16S rDNA was sequenced with the Big Dye Terminator Cycle Sequencing kit 
(Perkin Elmer). The 1st isolate was sequenced with the 342F primer, the 2nd isolate with 
the 500F primer. After the sequencing reaction, DNA was precipitated with the 
isopropanol precipitation reaction (Perkin Elmer) to remove the Big Dye Terminator. 
The sequencing products were analysed with an ABI310 Genetic Analyzer (Perkin 
Elmer). 
Cell morphology of a methanotrophic isolate, strain MOX-1', was analysed in liquid 
NMS-medium with a 30% CH4 headspace by phase contrast microscopy. Colony 
morphology was analysed by growth on NMS-medium in agar with a 30% CH4 
headspace as sole C-source. Gram stain reaction (Krieg, 1984) was tested. Transmission 
Electron Microscopy (TEM) was used for the characterisation of flagellae, plasmatic 
membranes and intracellular storage compounds. 
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8.2.3 Determination of growth kinetics 
MPN counts for methane oxidation in the rhi^psphere 
Rice plants were grown in soil with 15 cm spacing and a large area around the plants to 
avoid wall effects. Soil samples were taken at four moments during the growing season. 
At each moment, soil cores were taken at different distances from the main plant (Figure 
8.1). Material from the top 2 cm was discarded to avoid interference of methanotrophs 
accumulated at the soil-water interface. The samples were mixed, diluted in triplicate in 
120-ml botdes with 25 ml sterile NMS medium in dilution series down to 10"10/g d.w. 
soil with a step size of a factor 3 and closed with butyl stoppers. A headspace with air 
was enriched by 30% CH4. All samples were incubated at 30°C in the dark without 
shaking for 5 months. Every 30 days (and at time zero), samples for CH4 were taken. 
sampled 47 DAT Sampled 61 DAT 
sampled 13 DAT sampled 34 DAT 
Figure 8.1: Set-up for soil sampling the Most Probable Number of methanotrophs at 
different moments during the season and at different distances from the main 
stem of the plant. A rice plant is located at each corner. 
Pure culture experiments 
Monod substrate half-saturation constants for microbial growth (K, in mol/1) and the 
maximum specific growth rate (|lmax in h ) (further explained in section 8.3) were 
determined for the isolated heterotrophs and for the methanotroph. Chemostats were 
found to be inadequate for this purpose due to the extremely low, steady constant 
oxygen concentrations needed. Instead, use was made of batch experiments in which 
oxygen and carbon concentrations were monitored at least once a day. The organisms 
were pregrown at low oxygen concentrations to simulate rhizospheric conditions. This 
was necessary because kinetic properties depend on the growth conditions (Kightley et 
al., 1995). Sterile 120-ml bottles with 25 ml NMS medium and closed with butyl stoppers 
were inoculated with organisms in the logarithmic growth stage. For each species, 8-10 
bottles with various initial oxygen and carbon concentrations -one was limiting and the 
other in excess- were incubated in the dark at 30°C. Concentrations were chosen based 
T 
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on results of preliminary experiments and on published data. Heterotrophs were grown 
with acetate and methanotrophs with methane as sole C-source. Samples were taken at 
anaerobic conditions with syringes flushed in N2 medium containing sodium dithionite 
and analysed for oxygen, acetate or methane. Bacterial numbers were analysed routinely 
by O.D. measurements. A species-specific relationship between O.D. and bacterial 
numbers was obtained by relating O.D. to Burker-Turk counting cell measurements. 
Kinetic parameters were fitted by minimising the Mean Square Error between calculated 
and measured specific growth rates at different limiting substrate concentrations. 
BOM experiments 
The (lmax for strain HET-2 was validated polarographically with a Clark-type oxygen 
electrode (Biological Oxygen Monitor (BOM)) mounted in a thermostatically-controlled 
and continuously stirred vessel at 25°C. The vessel was closed except for a small hole 
through which substrate and culture additions could be made. The oxygen electrode was 
calibrated with an oxygen-saturated suspension. The vessel contained 3 ml oxygen 
saturated sterile NMS-medium with abundant acetate (20 mM). A 100 (Xl microbial 
suspension, with a known cell density was added to the vessel. Cells had been pregrown 
at 25°C and were harvested in the logarithmic growth stage. Oxygen consumption upon 
addition of substrate was recorded continuously during 30 minutes and corrected for 
endogenous respiration. The relative oxygen consumption rate was determined from the 
exponential decrease in oxygen concentration in time. |i,max was calculated from relative 
oxygen consumption rate assuming a yield of 0.375 mol CB/mol Cs (section 8.3) and an 
average size of 1.87 10"" g C/cell (Bratbak, 1985). 
8.2.4 Competition for oxygen between microorganisms 
Competition experiments 
Competition for oxygen between strain HET-1 and strain MOX-1 was determined in 
batch experiments. Equal numbers of bacteria as determined from measurements with 
the Burker-Turk counting cells were added to 25 ml sterile NMS medium in 120-ml 
bottles containing N2-gas. Different amounts of carbon sources, CH4 and acetate, and 
oxygen were added to these bottles. Incubations were made with initial concentrations of 
2, 5 and 10 mmol CH4/1 gas and of 0.5 and 2-4 mmol 0 2 / l gas. The bottles were 
incubated at 30°C, while shaken continuously at 120 rpm. Concentrations of 0 2 , CH4 and 
acetate were monitored at least once a day until one of the substrates was depleted. 
Samples were taken at anaerobic conditions with syringes flushed in N2 medium 
containing sodium dithionite and analysed for oxygen, acetate, methane and O.D.. The 
(six) experiments were carried out in 4-6 replicates. 
Theoretical description of competition 
The outcome of the competition between heterotrophs and methanotrophs can also be 
predicted theoretically from the measured kinetic parameters. These theoretical 
calculations are presented in section 8.3. 
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8.2.5 Chemical analyses 
All samples were centrifuged (after extraction, if any) for 5 min at 13,000 rpm and the 
supernatant was analysed. Acetate was determined by gas chromatography, using a 
Chromosorb 101 column saturated with formic acid at 160°C, connected to a flame 
ionisation detector (FID). Prior to analysis the samples were diluted 1:1 with 1 M formic 
acid containing 1 mM isobutyric acid as internal standard. Fe2+ in water and in a 50:1 0.5 
M HC1 extraction were analysed colorimetricaUy with phenanthroline as reagents 
(Walinga et al., 1995). The absorbance was measured at a wavelength of 515 nm on a 
photospectrometer. NH4+ concentrations were analysed colorimetricaUy with a glutamate 
assay (Kun and Kearney, 1974). Samples for inorganic anions were diluted 5:1 with a 
solution of 20 mM mannitol and 60 uM potassium bromide, as an internal standard, and 
analysed on a HPLC equipped with suppressed conductivity detection. Anions were 
separated on an Ionpac AS9-SC column using a 1.8 mM bicarbonate/1.7 mM carbonate 
eluent at 1 ml/min. CH4 was analysed by GC on a molecular sieve column at 70°C, 
coupled to a FID. 0 2 was analysed on a molecular sieve column at 100°C coupled to a 
thermal conductivity detector (TCD). The amounts of CH4 and 0 2 were quantified using 
standard curves obtained by injecting known amounts of gases. 
8.3 Theoretical calculations on competition 
In case of a dynamic microbial population, as is the case in the rice rhizosphere, a 
straight forward method to calculate microbial biomass kinetics is the application of a 
double Monod equation, assuming that there are no other inhibitory effects: 
[Q2] [ C ] _ 
^~^-Ks0i+[02] KsC+[C] ( 8 1 ) 
in which (X is the specific or relative growth rate (s'), llmax is the maximum specific 
growth rate (s'), Ks02 and KsC ate the Monod substrate half-saturation constants for 
oxygen and carbon (mol/1), respectively and [C] is the concentration of the carbon 
substrate, all referring to the water phase (mol/1). Specific growth rates reach Hmax values 
if neither oxygen nor carbon is limiting growth. Substrate half-saturation constants are 
the concentrations of a limiting substrate at which half of the maximum specific growth 
rate is obtained, if other substrates are not limiting. 
Eq. 8.1 can be used to determine the results of competition between heterotrophs and 
methanotrophs, using [C] is [CH4] for methanotrophs and [C] is [CH,COOH] for 
heterotrophs. We describe this outcome of short-term competition for oxygen between 
heterotrophs and methanotrophs by a critical oxygen concentration, [OlcrjJ. It is assumed 
that competition only takes place for oxygen and that, except for this substrate 
competition, there are no other interactions. [02yCritiJ is defined as the oxygen 
concentration at which the specific growth rates (subscript g) of heterotrophs (subscript 
h) and methanotrophs (subscript m) ate equal. Assuming that carbon substrates are not 
limiting and using Eq. 8.1, [02frilJ is: 
_ "max.m ' ^s,02,h ~ "max.A ' *^s,02jn 
\-°2,cri,,S \ = „ ~~ (8-2) 
"max,/* Mrnax.m 
More general, with limiting carbon substrates: 
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[CH4] [CH,COOH] _ 
I ' As,02 , /> "max.* ' „ , r^TT r^r\^.Ti1 As, 




 ^ O T j C O O H ] [C#4 ] 
Mmax
'' ^ ^ [ C ^ C O O H ] " / i m a x m ' ~K^C~ + [CH4] 
However, it is not /I, but the absolute consumption rates of the substrate for which 
competition takes place that determines the results of competition. Neglecting the 
consumption for maintenance purposes (because maintenance costs were implicitly 
accounted for in our experimental set-up), the consumption rate (V in mol 1 s ) is 
related to jl by: 
u-B 
V
 = ^ (8-4) 
in which B is the bacterial carbon (mol CB/1) and Y is the apparent yield (mol CB/mol Cs 
with subscript J- referring to 'substrate'). Analogously to the critical oxygen concentration 
for growth, a critical oxygen concentration for consumption, [02aitJ, can be defined at 
which both microbial groups consume equal amounts of oxygen: 
[CHA [CH,COCH] 
" ' "'KS^+[CH4] s-°>* """•*' *' m'KsCJl+[CH3COOH]' ' ^ (s 5) 
l°2,cri,,c 1 = \aTcddH] [CHA 
" KsCJl+[CH3COOH] M"K''" m h KsCfn+[CHA] 
To win the short-term competition, it is thus not only necessary to have good growth 
kinetics, but also to have enough biomass and a good yield. For this study Ym is estimated 
at average at 0.296±0.078 mol CB/mol Cs (Buchholz et al., 1995; Dedysh et al., 1998; 
Jorgensen, 1985; Jorgensen and Degn, 1983; Harwood and Pirt, 1972; Nagai et al., 1973; 
Sipkema et al., 1998) and Yh as 0.375+0.039 mol C„/mol Cs (Gerritse et al., 1992; Pirt, 
1965; Tros et al., 1996). Bacterial carbon is calculated from microbial numbers. It is 
assumed that methanotrophic numbers in the rhizosphere equal 108/g d.w. (section 
8.4.3) and heterotrophic numbers equal 109/g d.w. (section 8.4.2). An average amount of 
1.87 10 13 g C/cell (Bratbak, 1985) is assumed for the heterotrophs. The amount of 
carbon in methanotrophs is decreased proportionally to their smaller size (calculated 
from the calibration curve of O.D. versus bacterial numbers (section 8.4.3)). 
8.4 Results and discussion 
8.4.1 Sinks for oxygen in a rice paddy soil 
Overall oxidation rates 
If oxygen was allowed into the bottles with soil slurries, a fast increase in oxidised 
products (NO," and S042~) and a decrease of Fe2+ occurred. First order rate constants in 
day4 were derived from the oxidation states (Table 8.1). Iron was oxidised much faster 
than sulphurous compounds as could be expected from thermodynamics. NH4+ was 
oxidised at a much lower rate and also much slower than found elsewhere (Table 8.1). 
This might be due to a limitation of NH4+, which concentrations were very low in our 
soil (data not shown). A first order rate approach might not have been valid for this 
situation. The rate constants calculated at 15°C and 20°C were only slightly smaller 
(<10%) than those at 30°C (data not shown), indicating that the oxidation rates were 
mainly influenced by chemical and not by microbial reactions. 
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Table 8.1: Rate constants of oxygen consumption (in day-1) for overall oxidation (as 
determined in a soil slurry experiment at 30 °C) and for microbial reoxidation (as 
determined from microbial enrichments). A comparison with published data on 






















'Soetaert et al., 1996; 2van Cappellen and Wang, 1996; 3Ahmad and Nye, 1990; 4Murase and 
Kimura, 1997; 5Ratering and Conrad, 1998 
Aerobic microbial communities 
The results of the M P N counts at aerobic conditions are shown in Table 8.2. The 
number of bacteria found at 2 0 % 0 2 was significantly different (P<0.05) and orders of 
magnitude larger than at 1% 0 2 after 10 weeks of incubation. This might imply that 10 
weeks is not enough to estimate the population size able to grow at 1% 0 2 (details in 
section 8.4.3). The population sizes estimated at 1% 0 2 and 1 and 30 m M acetate, 
respectively, were not significantly different, indicating that the oxidation of compounds 
other than acetate was mainly carried out by autotrophic organisms. 
Table 8.2: Most Probable Number (MPN) estimates for various conditions in number of 
bacteria/g d.w. soil after stabilisation of the number and at most after 10 weeks 
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Heterotrophs and methanotrophs were the most abundant groups at all conditions 
(Table 8.2). All other microbial groups seemed to play only a minor role in the 
consumption of oxygen in the rice rhizosphere. Conditions for both heterotrophs and 
methanotrophs are good in the rice rhizosphere. Methane concentrations are high due to 
anaerobic conditions, while oxygen diffuses into the soil, yielding good conditions for 
methanotrophs. Heterotrophs can make use of diverse carbon sources, of which various 
fatty acids and especially acetate are abundant in rice soils (e.g. Chin and Conrad, 1995; 
Chapter 5) and near decaying rice roots (Conrad and Klose, 1999). Their potential 
growth rates are high (see section 8.4.3) and some heterotrophs can denitrify at anaerobic 
conditions. This combination explains why numbers of heterotrophic bacteria are high in 
rice soil (this study; Gilbert and Frenzel, 1998; Watanabe et al., 1979). 
Ammonia oxidation can take place by nitrifiers and by methanotrophs (which have some 
affinity for ammonia). At 20% 0 2 , methane oxidation was more important than the total 
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ammonia oxidation, which might indicate that nitrifiers were less abundant than 
methanotrophs, in agreement with results found by others (Bodelier and Frenzel, 1999; 
Kumaraswany et al., 1997). At low oxygen concentrations, hardly any ammonia oxidation 
was found. At 1% 0 2 mainly heterotrophic respiration was found. Probably, the 
difference in respiration rates between acetate and ammonia oxidation was not due to the 
lower affinity of ammonia oxidisers, but due to the higher number of heterotrophs 
outcompeting ammonia oxidisers (Bodelier and Laanbroek, 1997) and scavenging most 
of the available oxygen. This also means that ammonia oxidisers will play only a minor 
role in the rice rhizosphere, because at the low oxygen concentrations, they will be 
outcompeted by the heterotrophs and the contribution of ammonia oxidisers to methane 
oxidation seems negligible (Bodelier and Frenzel, 1999). Moreover, NH4+ concentrations 
in the rice rhizosphere are usually less than 0.5 mM (Bodelier and Frenzel, 1999; Gilbert 
and Frenzel, 1998), further limiting the role of ammonia oxidation. 
Thiosulphate oxidisers were found to be present at all conditions (and in similar numbers 
as found by Stubner et al. (1998)), but they were present in lower numbers than the 
methanotrophs and heterotrophs. The MPN counts at low oxygen and low acetate 
concentrations (Table 8.2) indicate that thiosulphate was mainly oxidised autotrophically. 
Many colonies were formed on purified agar with thiosulphate and without acetate (data 
not shown). 
Contrary to other reports (Emerson and Moyer, 1997; Emerson et al., 1999), no iron 
oxidation (different from chemical oxidation) could be detected in the MPN counts, 
neither with nor without acetate addition. Even in gradient tubes, no differences in 
oxygen and iron profiles between inoculated and sterile tubes could be detected (data not 
shown). Chemical iron oxidation proceeded much faster than microbial oxidation. 
Microbial iron oxidation can thus be neglected compared to chemical oxidation. 
Microbial oxygen consumption rates 
Oxygen consumption by enrichments was, similar to overall oxidation rates, expressed by 
first order rate constants (Table 8.1). Rate constants for ammonia, thiosulphate and 
ferrous iron were much smaller than those found for chemical oxidation. Nitrifiers have 
a low potential growth rate (Hunik et al., 1994), which might explain the low rate 
constant found for NH4+ oxidation. Microbial thiosulphate oxidation was also much 
lower than the overall oxidation, which is in contrast to what has been found by Stubner 
et al. (1998). Thus, the contribution of chemical and microbial processes to thiosulphate 
oxidation cannot be given. No microbial iron oxidation was found in the enrichments. 
Based on the rate constants, heterotrophic respiration and methanotrophic respiration 
seem the most important microbial sinks of oxygen. Oxidation rates expressed as an 
initial activity per bacterium showed similar results (data not shown). 
8.4.2 Culture isolation and characterisation 
Based on the first experiments, the two most important oxygen consuming microbial 
groups, the heterotrophs and methanotrophs, were selected for further experiments. 
Heterotrophs and methanotrophs from the highest dilution with growth were enriched 
and isolated in NMS-medium with acetate and CH4 as sole C-source, respectively. 
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Two species of heterotrophic microorganisms were isolated. Strain HET-1 is a gram 
negative, oxidase positive, motile straight rod of 0.8-1.0 by 1.4-1.8 |lm. It forms small 
colonies with a smooth, white and viscous appearance on plates. The organism grows on 
NMS medium with nitrate as sole nitrogen source and acetate, ethanol, glucose, citrate, 
lactose or fumarate as sole C-source at 30 °C. The organism can also decompose urea, 
arginine, lysine, ornithine and tryptophane at 30 °C. At anaerobic conditions, the 
organism can denitrify nitrate (both in liquid and agar NMS media), but it cannot grow 
fermentatively or by the reduction of sulphurous compounds. The organism is able to 
grow at 10-37 °C and does not grow at 45 °C. A comparison of the partial 16S DNA 
analysis of the isolate with the GenBank showed as the highest score 99% association 
with various strains of Pseudomonas stut^eri, which is in accordance with the physiological 
characteristics (Krieg, 1984). Below, the isolate will be referred to as Pseudomonas strain 
HET-1. 
Strain HET-2 is a gram positive, oxidase negative, non-motile straight rod, sometimes 
occurring in pairs and measuring 0.8-1.0 by 1.1-1.4 (J.m. On plates, it forms small 
colonies with a red, viscous appearance, a rough edge and branches. The organism grows 
on NMS medium with nitrate as sole nitrogen source and acetate, ethanol, glucose, 
citrate or fumarate as sole C-source. Lactose does not support growth. The organism can 
also decompose arginine, lysine and ornithine, but not tryptophane and urea at 30 °C. At 
anaerobic conditions, the organism cannot denitrify or reduce sulphurous compounds 
and it cannot grow fermentatively. However, it appears to be able to grow at 
microaerophilic conditions, because it can grow several centimeters below an agar 
surface. The organism grows between 10 and 37 °C, but does not grow at 45 °C. A 
comparison of the partial 16S DNA analysis of the isolate with the GenBank showed as 
the highest score 99% association to Rbodococcus erythropolis and Rbodococcus erythreus. The 
physiological characteristics are in accordance with those of Rbodococcus (Goodfellow and 
Minnikin, 1991; Krieg, 1984). Below it will be referred to as Rbodococcus HET-2. 
One methanotrophic strain that grows in NMS medium with methane as sole C-source 
and nitrate as sole N-source was isolated from the highest dilution with methanotrophic 
growth. The organism is a non-motile, gram negative organism with a coccoid and 
reniform appearance. It has no flagellae, as can be seen on the negatively stained 
preparation (Figure 8.2a). The average size is 0.4-0.6 by 0.7-1.0 |lm. On plates, it forms 
small round, smooth and butyrous colonies with white/light yellowish appearance. The 
growth in liquid media is evenly dispersed and the organisms are routinely grown at 30 
°C. Cells have a few layers of paired internal membranes located along the cytoplasmatic 
membrane. The membranes are mostly stacked, but sometimes there are spaces between 
the membranes. Based on these observations (Figure 8.2b), the membranes were 
identified as Type II membranes (Davies and Whittenbury, 1971). Polyphosphate 
accumulates in the cytosol (Figure 8.2c). Based on this morphology, the organism was 
tentatively identified as Methylocystis (using Bowman et al., 1993) and will be called 
Methylocystis MOX-1 in this paper. A domination of a type II methanotroph in the MPN 
counts is also expected based on the dynamics in a rice paddy. Type II organisms are 
better survivors at dry conditions and can utilise lower oxygen (Amaral and Knowles, 
1995) and nitrogen concentrations than type I methanotrophs (Graham et al., 1993). 
Type II outcompete type I methanotrophs at high methane concentrations (Graham et 
al., 1993). This expectation is in accordance with other studies that isolated type II 
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Methylosinus species (Bowman et al., 1993; Dianou and Adachi, 1999) and Methylocystis 
speaes (Takeda, 1988) from rice paddies. Type II methanotrophs prevailed in rice 
paddies (le Mer et al., 1996; Henckel et al., 1999). In rice roots, type II methanotrophs 
were also the dominating methane oxidisers (Calhoun and King, 1998) and Gilbert et al. 
(1998) isolated only type II methanotrophs from rice roots. 
0.2 u.m 
Figure 8.2: Transmission Electron Microscope preparations of the methanotrophic isolate 
showing a) a negatively stained preparation for flagellae determination, b) 
cytoplasmic membranes and c) accumulation of polyphosphate inside the cell. 
8.4.3 Determination of kinetic parameters 
MPN counts for methane oxidation in the rhi^osphere 
The spatial and temporal growth dynamics of methanotrophs was investigated by MPN 
counts. Methanotrophic numbers increased during the growing season and decreased 
with distance from the main stem (Figure 8.3). This is direcdy related to the availability of 
oxygen. More oxygen becomes available in time due to root growth and its root oxygen 
release. Oxygen availability is less at a larger distance from the main rice stem, because of 
lower root densities at larger distances. This shows that oxygen availability, and not 
methane availability, is limiting growth of methanotrophs. The number of 
methanotrophs was therefore larger in the rhizosphere than in the bulk soil in 
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Figure 8.3: Most Probable Number of methanotrophs at different moments during the 
growing season (given in Days After Transplanting (DAT)) and at different 
distances from the main stem of the plant. 
Concomitandy with the number of methanotrophs, a significant change in maximum 
methane oxidation rate was found both in time and with distance from the main rice 
stem (data not shown). Methane oxidation was thus related to methanotrophic growth. 
In this experiment, higher numbers of methanotrophs were found than reported by 
others (104-4.106/g d.w.) using incubation periods varying between 3 and 8 weeks 
(Bodelier and Frenzel, 1999; Bosse and Frenzel, 1997; Espiritu et al., 1997; Gilbert and 
Frenzel, 1995; Joulian et al., 1997). The number of methanotrophs obtained after 5 
months were similar to those after 4 months. M P N counts after 5 months were, 
however, on average one order of magnitude higher than those obtained after 2 months 
of incubation (data not shown), although spatial and temporal differences were large. The 
total number of methanotrophs can thus be underestimated using a 2 months incubation 
period. 
Pure culture experiments 
The dynamics in M P N counts implies that growth kinetics has to be included to allow a 
good understanding of the microbial competition for oxygen. Microbial growth in the 
batch experiments was assessed by O.D. measurements. The O.D. was linearly related to 
the number of microorganisms, measured with the Biirker-Turk counting cells (Figure 
8.4). Specific growth rates obtained from the bacterial number dynamics were related to 
the average limiting substrate concentration during the sampling interval (Figure 8.5). 
The Monod substrate half-saturation constants for microbial growth (K,. in mol/1) and 
the maximum specific growth rate QJ.,^ in h"1) were fitted for each microorganism and 
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each limiting substrate combination by minimising the Mean Square Error between 
experimental data and fit (Tables 8.3 and 8.4). The R2 of the fit was in all cases >0.65 and 
modelled and measured |A values were not significantly different (P<0.05), although there 
is some scatter in the data because a continuous process was monitored in a 
discontinuous batch experiment. The (im„ values determined with different limiting 
substrates were similar (Tables 8.3 and 8.4). 
0.12 heterotrophs 
methanotrophs 
O.E+00 2.E+09 4.E+09 6.E+09 8.E+09 l.E+10 
number of bacteria (#/ml) 
Figure 8.4: Calibration of the Optical Density (O.D.) measurements with the direct counts 
of bacterial numbers using the Burker-Tiirk counting cells for methanotrophs 
and heterotrophs. 
The K, values determined in these batch experiments are comparable with values 
presented by others (Tables 8.3 and 8.4), although variability among published values is 
large (see section 8.4.4). |i.m„ values determined in this batch experiment are lower than 
average published values, especially the |Xmax of methanotrophs is at the lower end of the 
measured values. (lmax values might have been decreased, because the microorganisms 
have been enriched, isolated and routinely grown at low oxygen concentrations to mimic 
rice rhizosphere conditions. 
BOM experiments 
The Hm„ for Rhodococcus HET-2 was validated by BOM experiments at acetate limiting 
conditions. The H,^ calculated from this experiment was 0.12±0.03 h"1, which is 
consistent with the values measured in the batch experiments. The (imax is thus 
comparable for all experimental conditions. 
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0.0005 0.001 0.0015 0.002 0.0025 0.003 
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0.01 0.02 0.03 
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e f 
Figure 8.5: Relative growth rates \l (rgr) of a-b) Pseudomonas HET-1, c-d) Uodococcus HET-2 
and e-f) Methylocystts MOX-1 at oxygen and carbon limited conditions, 
respectively. Note the different scales. 
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Table 8.3: Monod half-saturation constants for microbial growth (Ks in mol/1 water) for 
oxygen (O2) and acetate (Ac) and the maximum specific growth rate (Umax in h1) 
for heterotrophic pure cultures. 
Pseudomonas HET-1 C-limited 
Pseudomonas HET-1 02-limited 
BJoodococcus HET-2 B.O.M. 
Rhodococcus HET-2 C-limited 
Rhodococcus HET-2 C>2-limited 
Published pure cultures 
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0.58 10-3 8A" 







•Bodelier and Laanbroek, 1997; 2Gerritse and Gottschal, 1993; 3Sipkema et al., 1998; 
4Krooneman et al, 1996; 5Robertson and Kuenen, 1984; 6Geraats et al., 1990; 7Sharma and 
Ahlert, 1977; 8Gerritse et al, 1992; ^ r o s et al., 1996; 10Iwahori et al., 1995; "Blackall et al., 1991 
Table 8.4: Monod half-saturation constants for microbial growth (Ks in mol/1 water) for oxygen 
(O2) and methane (CH4) and the maximum specific growth rate (Umax in h •) for methanotrophic 
pure cultures. 
Ks,o2 (in M) KS,CH4 (in M) Umax ( in h 1 ) 
Methylocystis MOX-1 C-limited 
Methylocystis MOX-1 Gvlimited 
Published pure cultures 
n.d. 
1.9 10-6 
6.7 10-6 w . 5 
28 10^ 
n.d. 




'Jorgensen, 1985; 2Harwood and Pirt, 1972; 3Gerritse and Gottschal, 1993; "O'Neill and 
Wilkinson, 1977; 5Nagai et al., 1973; <A.maral and Knowles, 1995; 7Graham et al., 1993; 8Sipkema 
etal., 1998 
8.4.4 Competit ion for oxygen between methanotrophs and heterotrophs 
Competition experiments 
The batch experiments showed a lower K,.02 and H , ^ for methanotrophs, compared to 
the heterotrophic cultures. Based on these characteristics it is expected that 
methanotrophs will only win the competition for oxygen with the heterotrophs at very 
low oxygen concentrations. This hypothesis was tested in competition experiments with 
equal numbers of Methylocystis MOX-1 and Pseudomonas HET-1 at different methane 
concentrations and low (around K , ^ for both organisms, expecting the most severe 
competition) and high oxygen concentrations. 
In all competition experiments, methane consumption rates increased after competition 
for oxygen had stopped and all acetate was consumed (Figure 8.6). This increase is partly 
due to growth of the methanotrophs, which leads to increased biomass that can consume 
methane. However, the absence of competition for oxygen after all acetate was 
consumed is probably more important. At high oxygen concentrations, methane 
consumption rates already increased before all acetate was depleted -due to less severe 
competition for oxygen. At low oxygen concentrations methane consumption was 
suppressed for a longer period and to lower acetate concentrations. Only at both high 
methane concentrations and low oxygen concentrations, methane consumption rates 
increased earlier (Figure 8.6c). Competition for oxygen was thus limiting methane 
oxidation rates. 
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time (days) 
time (days) time (days) 
c 
Figure 8.6: 
time (days) time (days) 
Competition for oxygen between methanotrophs and heterotrophs at initially a) 
2 mmol CH4/I gas, b) 5 mmol CH4/I gas and c) 10 mmol CH4/I gas and at 
initial concentrations of 0.5 mmol O2/I gas (open symbols) and 2-4 mmol O2/I 
gas (closed symbols). Indicated are the amount of oxygen (circles) and of acetate 
(diamonds) and the consumption rates of methane (triangles) and of acetate 
(squares). Note the different scales. 
Acetate consumption rates were higher than methane consumption rates, as long as 
acetate was present. Acetate consumption rates were only slightly suppressed at high 
methane concentrations. Pseudomonas HET-1 is thus a better competitor than Methylogstis 
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MOX-1, which is reflected in the (i.max values of the organisms. An exception occurred at 
non-limiting carbon concentrations in combination with low oxygen concentrations 
when Methylocystis MOX-1 had higher consumption rates (Figure 8.6c). In that case, the 
Monod equation predicts that the K,.
 02 value determines the outcome of the competition. 
The ratio of acetate consumption rate to methane consumption rate was indeed found to 
be significantly -at P<0.05- correlated to oxygen concentration (data not shown). It is 
expected that significant methane oxidation can only occur in the rice rhizosphere at low 
oxygen and high methane concentrations. 
Theoretical description of competition 
The Monod parameters obtained in the batch experiments (section 8.4.3) were used to 
calculate the critical oxygen concentrations at which specific growth rates for each 
microbial group were equal (Eq. 8.3). A negative oxygen concentration was calculated for 
the competition between Rhodococcus HET-2 and Methylocystis MOX-1 at non-limiting 
carbon concentrations, which indicates that Rhodococcus HET-2 outcompetes Methylocystis 
MOX-1 at all oxygen concentrations at these conditions. This is caused by the much 
higher flma for Rhodococcus HET-2. A [02critJ of 3.8 |XM was calculated for the 
competition between Pseudomonas HET-1 and Methylocystis MOX-1 at non-limiting carbon 
concentrations. At lower oxygen concentrations, the methanotroph obtained higher 
specific growth rates, while the opposite was true for higher oxygen concentrations. 
The results for [02 c mJ at methane concentrations from 0 |lM to saturation and acetate 
concentrations from 0-1 mM are shown in Figure 8.7a,b. [02cn tJ was in general not very 
sensitive to the methane concentration. Only at very low methane concentrations, 
[02c[itJ decreased. A [02cli tJ of 20 |XM or higher was calculated for most acetate 
concentrations (5-30 (JM) in rice paddies in the methanogenic phase (Achtnich et al., 
1995b; Frenzel et al., 1999). Such oxygen concentrations are regularly found in the rice 
rhizosphere (Frenzel et al., 1992; Gilbert and Frenzel, 1995; 1998; Revsbech et al., 1999), 
implying that specific growth rates of methanotrophs can be similar to those of 
heterotrophs, although fimilx for the heterotrophs was much higher (Tables 8.3 and 8.4). 
At low acetate concentrations, [02critJ was slightly lower for the competition with 
Pseudomonas HET-1 than for Rhodococcus HET-2, because of the lower KtC for Pseudomonas 
HET-1. At high acetate concentrations, [02cn tJ was higher for the competition with 
Pseudomonas HET-1 than with Rhodococcus HET-2, because of the lower flmax of Pseudomonas 
HET-1. Only at oxygen concentrations lower than [0^critJ, methanotrophs had a higher 
H than heterotrophs. 
[02cti tJ dynamics as a function of methane and acetate (Eq. 8.5) for a situation of equal 
biomass were similar to the situation calculated in Figure 8.7a,b and had only slightly 
higher values (data not shown). These slightly higher values are caused by the (slightly) 
lower yield values for methanotrophs. In correspondence with the competition 
experiments (section 8.4.4), growth of methanotrophs was strongly suppressed at high 
acetate concentrations. The oxygen concentrations in the competition experiments were 
regularly higher than [02crit J which explains why acetate consumption rates were higher 
than methane consumption rates in the competition experiments. Only at low oxygen 
concentrations and non-limiting carbon concentrations, for which a [02crlt J of 6 (iM was 
calculated in competition with Pseudomonas HET-1, the consumption rates of the 
methanotrophs were higher. 
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The situation changed dramatically when actual biomass estimates were used to calculate 
[02cn tJ. With non-limiting carbon concentrations, a negative [02criV] was calculated, 
indicating that methanotrophs were outcompeted by the heterotrophs at all oxygen 
concentrations. At acetate limiting conditions (and no methane limitation) the [02cAJ 
became positive at acetate concentrations lower than 53 and 56 (AM for Pseudomonas 
HET-1 and Rhodocoaus HET-2, respectively. Again, methane concentrations hardly had 
any influence on [O2cotj as shown in Figure 8.7c,d. Biomass estimates are thus of major 
importance for the estimation of competition outcomes. 
c 
Figure 8.7: Critical oxygen concentration for competition between Methylocystis MOX-1 and 
heterotrophs- Pseudomonas HET-1 (b,d) and Rhodococcus HET-2 (a,c)- for a,b) 
specific growth rates and c,d) consumption rates. 
All parameters to calculate [02 critJ are more or less uncertain. The estimates of \lnax and 
K, are not very precise, given their dynamic nature and experimental errors. The 
coefficients of variation in these parameters were estimated from published data referred 
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to in Tables 8.3 and 8.4. Standard deviations for yield are given in section 8.3 and it was 
estimated that the coefficient of variation in B is 50%. A Monte Carlo approach 
(Keesman and van Straten, 1990) of 1000 runs varying all parameters within the ranges 
given by their coefficients of variation and assuming an acetate concentration of 50 |AM 
and non-limiting methane concentrations was carried out. The overall [02crit J was 3±7 
IXM (default 0.13 |iM) for competition with Pseudomonas HET-1. In 42% of the 
combinations, methanotrophs were outcompeted by Pseudomonas HET-1 and [02ctit J of 
the remaining combinations was 7±8 |lM. This analysis shows that, even though 
variability in the parameters is large, the range of [02crjtJ estimates is limited. The 
conclusions drawn for the default settings can thus be applied more generally. 
8.5 Concluding remarks 
In this study the competition for oxygen between methanotrophs and other oxygen sinks 
was determined. Incubation studies showed that microbial oxygen consumption was 
dominated by heterotrophic and methanotrophic respiration. Besides these microbial 
oxygen sinks, chemical iron oxidation was important. The most abundant methanotrophs 
and heterotrophs were isolated and growth kinetic parameters were determined. Based 
on the determined parameters -in combination with kinetic data by others- the 
competition between heterotrophs and methanotrophs was quantified experimentally 
and theoretically. 
A basic assumption in this study is that methane oxidation rates are limited by oxygen. 
Such a limitation appeared to be present in the MPN counts of the methanotrophs and is 
in accordance with other studies (Bosse and Frenzel, 1997; Calhoun and King, 1997; 
King, 1996). The theoretical calculations showed indeed that methane concentrations 
hardly limited methanotrophic consumption rates. Another assumption is that the data 
for the most abundant microorganisms can be extrapolated to overall methane oxidation 
kinetics. The fact that the determined affinity constants were similar to average affinity 
constants presented by others supports that this extrapolation might be correct. 
Both competition experiments and theoretical calculations on competition showed that 
methanotrophs outcompeted heterotrophs only at low oxygen concentrations, due to 
their lower Ks02. At higher oxygen concentrations, except at very low acetate 
concentrations, methanotrophs were outcompeted, mainly due to their lower Hmax. Based 
on these observations and the presence of easily accessible carbon substrate in rice fields, 
it is expected that methane oxidation rates at the root surface will be very low, except if 
oxygen availability is not limiting methane oxidation rates at the root surface. 
Methanotrophs have been found at the rice root surface (Bosse and Frenzel, 1997; 
Calhoun and King, 1998) and inside the rice root (Gilbert et al., 1998; Watanabe et al., 
1997), but they were less abundant on the root than in the rhizosphere (Gilbert and 
Frenzel, 1998). Probably, heterotrophs will consume most oxygen close to the root 
surface, while methanotrophs will be active a bit further away from the root surface at 
lower oxygen concentrations. Methane oxidation efficiency at the soil-water surface is 
probably higher than in the rhizosphere, because of the lower acetate concentration in 
the bulk soil in combination with the longer residence time of methane in the 
microaerophilic zone. 
The necessity of low oxygen and low acetate concentrations was accentuated when actual 
biomass estimates were included. Heterotrophic biomass was higher than 
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methanotrophic biomass. Methane oxidation was further restricted to areas with low 
oxygen and low acetate concentrations. Methane oxidation will thus only occur at 
microaerophilic conditions. The large influence of microbial biomass on the competition 
outcome shows that prediction of methane oxidation rates will be difficult, unless actual 
biomass is measured. Predictions of biomass dynamics have limited accuracy as long as 
quantitative general information on microbial biomass maintenance and survival 
strategies, as presented for methanotrophs by Roslev and King (1994; 1995) are scarce. 
The high variability of in-situ microbial biomass and substrate concentrations found in 
the rice rhizosphere, in combination with the sensitivity of the outcome of competition 
for these variables, indicates that the high variability found in rhizospheric methane 
oxidation rates might be real. Methane oxidation will be most effective at low oxygen and 
low acetate concentrations. Insight in microbial biomass dynamics limits a more precise 
prediction of its dynamics. 
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A mechanist ic model on methane oxidation in a rice rhizosphere 
Abstract 
In this paper, a mechanistic model is presented on the processes leading to 
methane oxidation in rice rhizosphere. The model is driven by oxygen release 
from a rice root into an anaerobic rice soil. Oxygen is consumed by 
heterotrophic and methanotrophic respiration, described by double Monod 
kinetics, and by chemical iron oxidation, described by a second order reaction. 
Production of substrates for these reactions -ferrous iron, acetate and methane-
are described by an exponential time dependent organic matter mineralisation in 
combination with modified Michaelis Menten kinetics for the competition for 
acetate and CO2/H2. Compounds diffuse between the rhizosphere, root and 
atmosphere. An extra diffusion resistance between the rice root and shoot is 
included as well as active transport across the root surface for root exudation 
and plant nutrient uptake. Iron adsorption is described dependent on pH. The 
model predicts root oxygen release, compound gradients and compound 
concentrations in a rice rhizosphere well. Also methane oxidation estimates are 
comparable to experimental estimates. A sensitivity analysis showed however 
that methane oxidation is highly dependent on model initialisation and 
parameterisation. Equilibrium is not obtained within the period that a single 
root influences a soil microsite. The equilibrium is moreover dependent upon 
the diffusion resistance across the root surface. Methane oxidation depends thus 
on root growth dynamics and is therefore highly variable in space and time. 
Methane oxidation dynamics appears differently whether it is expressed per 
methane produced or per methane lost by emission or oxidation. This 
difference is caused by the non-equilibrium conditions that result in a large 
change in methane storage. A general prediction of methane oxidation is very 
difficult given the high variability and the lack of knowledge to allow prediction 
of this variability. 
9.1 Introduction 
Rice paddies are suspected to contribute substantially to the increasing atmospheric 
methane concentration. Methane emission reflects the balance between methane 
production and oxidation. Methane oxidation in rice paddies occurs at the soil-water 
interface and in the rhizosphere, where both oxygen and methane are available. Methane 
oxidation rates in the rhizosphere are highly variable and plant mediated transport is the 
dominant methane emission pathway (Schiitz et al., 1989b). A better mechanistic 
understanding of rice rhizospheric methane oxidation is thus important for a good 
prediction of global methane emissions. 
Various processes determine rhizospheric methane oxidation (schematically represented 
in Figure 9.1). Methane is produced at anaerobic sites in a rice paddy by methanogens, 
which compete for carbon substrates with microorganisms that use alternative electron 
acceptors of which iron oxides are the most important (Chapter 5; Inubushi et al., 1984). 
Carbon substrates become available via soil organic matter mineralisation, root 
decomposition and root exudation (Chapter 2). Root exudates diffuse towards the 
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anaerobic sites. Methane diffuses towards the root surface and is released into the 
atmosphere through aerenchyma channels present in rice roots and shoots (Nouchi and 
Mariko, 1993). Oxygen diffuses through the same aerenchyma channels into the soil -
root oxygen release- while part of the oxygen is already consumed in the roots by root 
respiration (Ando et al., 1983). Methane oxidation can occur at sites where methane and 
oxygen concentration profiles overlap. Methanotrophs have to compete for the available 
oxygen with other processes, of which heterotrophic respiration and chemical iron 
oxidation are most important (Chapter 8). Chemical iron oxidation again depends on 
adsorbed iron and pH (Kirk et al., 1990) and thus on C 0 2 production and plant nutrient 
uptake. 
o S 
Soil organic matter mineralisation 
Heterotrophic respiration 
Methane oxidation 
| Iron reduction 
Methane production 
Root Aerobic Anaerobic 
soil soil 
Figure 9.1: Schematic representation of a rhizosphere and its processes 
Various models have been developed for some of the processes mentioned above. Some 
process-based methane emission models describe organic substrate production and 
methane production (e.g. Cao et al., 1995), but do not consider competition with 
alternative electron acceptors (Arah and Stephen, 1998; Cao et al., 1995; Walter et al., 
1996). Cao et al. (1995) treats methane oxidation as a fraction of methane production 
and Walter et al. (1996) assumes no oxygen limitation on methane oxidation. A kinetic 
model describing methane oxidation in rice paddies (Cai and Yan, 1999) neither assumes 
oxygen limitation of methane oxidation nor includes methane production. Grant (1999) 
and Ridgwell et al. (1999) presented methane oxidation models that can only be used in 
aerobic soils without plants and are therefore not suitable for rice paddies. Armstrong 
and Beckett (1987) presented a mechanistic model on oxygen dynamics within an 
aerenchymous root, but included no rhizospheric oxygen dynamics. Available 
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rhizosphere models describe iron dynamics (Jones et al., 1996; Kirk, 1993) or dynamics 
of heterotrophic respiration (Darrah, 1991a,b; Newman and Watson, 1977), but no 
methane oxidation. The most comprehensive rhizosphere model that can be used to 
estimate methane oxidation is described by Segers (2000), that was developed for 
wetiand plants. Parameterisation of wedand dynamics is very complicated and Segers 
(2000) therefore simplified electron acceptor dynamics, soil organic matter 
mineralisation, heterotrophic respiration and root gas transport. This makes the model of 
Segers (2000) less suitable for a mechanistic understanding of methane oxidation 
dynamics. 
None of the described models are thus directly suitable for a mechanistic description of 
methane oxidation in rice rhizosphere. In this paper we describe a mechanistic model on 
methane oxidation in rice rhizosphere using available information on all underlying 
processes shown in Figure 9.1. Model predictions are compared with other models and 
with in-situ measurements. A model sensitivity analysis is presented to determine the 
variability in modelled methane oxidation as a function of the underlying processes and 
to improve the mechanistic understanding of methane oxidation in a rice rhizosphere. 
9.2 Model description 
The mechanistic model describes the kinetics of aerobic oxidation of the most important 
electron donors and the diffusion of those electron donors from a rice root surface and 
their release within a rice rhizosphere. Transport within the rhizosphere and the release 
of gaseous compounds via the root to the atmosphere is described. Methane oxidation in 
a rice rhizosphere system can be simulated mechanistically with this combination of 
kinetics and transport. 
Aerobic oxidation 
Methane oxidation in rice rhizosphere is oxygen limited (Chapter 8). It is therefore of 
prime importance to estimate the dynamics of oxygen consumption processes properly. 
Although denitrifiers can outcompete rice plants for nitrate (Reddy and Patrick, 1986), 
denitrification is a minor soil sink of reducing equivalents because nitrate concentrations 
are low and denitrification is negligible in unfertilised rice paddies (Arth et al, 1998). 
Nitrifying bacteria are outcompeted by plant roots and heterotrophs at limiting amounts 
of ammonia (Reddy et al., 1989; Verhagen et al., 1995). Sulphur oxidisers have been 
found in rice rhizosphere (Stubner et al., 1998) and sulphate concentrations are 
significandy higher in rice rhizosphere in comparison with the bulk soil (Dannenberg and 
Conrad, 1999; Wind et al., 1995), but sulphur oxidation rates are lower than other 
oxidation rates (Chapter 8). The most important oxygen sinks in a rice rhizosphere are 
therefore chemical iron oxidation (Eq. 9.1), microbial methane oxidation (Eq. 9.3) and 
microbial heterotrophic respiration (Eq. 9.4) (Chapter 8). 
4Fe2+ + 0 2 + 10H2O-> 4Fe(OH), +8H+ (9.1) 
Iron oxidation rate, KTl0X (mol m 3 water s"1), is given by (Ahmad and Nye, 1990): 
RFegx=k[Fef][02] (9.2) 
in which k is the iron oxidation constant (0.344.10"' m' mol1 s1, according to Ahmad 
and Nye (1990)), subscript s reflects that iron is adsorbed to clay particles. [...] represents 
a compound concentration in the water phase (mol m"3) and is corrected for the 
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solubility in the gas phase, if appropriate. Similarly to Kirk et al. (1990), only fast iron 
oxidation is considered in this study. 0.25 moles of 0 2 are consumed during the 
oxidation of one mol of ferrous iron. 
Heterotrophic respiration is simplified to oxidation of acetate, because acetate is the 
most important organic acid in rice soils (e.g. Chin and Conrad, 1995; Sigren et al., 1997) 
and around decaying rice roots (Conrad and Klose, 1999). 
CH4 + (2-oJ02 -> (l-ocJC02 + (2-oJH20 + am<CH20>m (9.3) 
CH3COO + H+ + 2(l-og02 -> 2(l-oyC02 + 2(l-ah)H20 + 2ah<CH20>„(9.4) 
in which <CH 2 0> represents a simplified description of microbial biomass. a is a 
reaction coefficient which is numerically equal to the microbial yield Y (in mol microbial 
carbon per mol carbon consumed) and is estimated from a data compilation (Chapter 8). 
Subscript
 m indicates methanotrophs and subscript h indicates heterotrophs. Microbial 
growth is taken proportional to biomass and the specific growth rate jU (s1) is expressed 
by Double Monod kinetics as: 
ft=p.,^ ™— (9.5) 
™- Ks02i+[02] K^+lCfl 
in which llnax is the maximum specific growth rate (s'), Ks is the affinity constant for a 
compound (mol m3) (values from a data compilation (Chapter 8)) and C, stands for 
methane or acetate for methanotrophs or heterotrophs, respectively. Total microbial 
oxygen consumption is not only influenced by growth, but also by maintenance and 
growth independent microbial decay. These processes are usually neglected in 
experiments in which kinetic parameters are measured and are thus implicitly 
incorporated into these parameters. This allows to define microbial oxygen consumption 
rate, R^, (mol 0 2 m 3 water s4), as: 
Roil=l*fBi-YiZrL (9-6) 
in which B is the microbial biomass (mol C m"3) and V is a stoichiometry coefficient, 
which is 2 and 1 for methanotrophs and heterotrophs, respectively. Microbial carbon 
substrate consumption, B^-- (mol C m 3 water s"1), is calculated analogously as: 
Rr =——'- (9.7) 
' rii-cCi 
in which T\ a stoichiometry coefficient for the number of moles C in the substrate (1 and 
2 for methanotrophs and heterotrophs, respectively). The fraction of consumed carbon 
substrate that is not incorporated into biomass is oxidised to C02 . 
Production of electron donors 
Within a rice rhizosphere, production and consumption of carbon substrates and ferrous 
iron can occur simultaneously. The production of acetate and C0 2 /H 2 is driven by soil 
organic matter mineralisation, Pmin (in mol C m"3 s'), neglecting root decay and the 
decomposition of organic fertilisers, and is described by Yang (1996): 
P^=C^-(l-SnAJ-Kd^ . e-*w'<>»-™ (9.8) 
in which Cmin is the soil organic carbon pool (mol C m"3) and: 
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Kd . = Rmin • time_ season 5min (9.9) 
Rmin (sSmln"') is the relative decomposition rate at time_season=\ and Smin (-) represents the 
rate of change of Kdmin. Rmjn and j ^ , have been determined experimentally (Chapter 2). 
time_season is the time after flooding the soil (s) and is taken 40 days after transplanting in 
the default settings, because at that point a reasonable rice root system has been 
developed. 
Methane is produced from acetate and from C02 /H2 . Methanogens have to compete for 
these substrates with heterotrophs and ferric iron reducing bacteria that also use acetate 
and C02 /H2 : 
CPLCOO + H+ -> C 0 2 + CH4 (9.10) 
C 0 2 + 4H2 -> 2H20 + CH4 (9.11) 
8 Fe(OH)3 + CFLCOO + 17H+ -> 8 Fe2+ + 2C02 + 22H20 (9.12) 
2Fe(OH), + H2 + 4H+ -> 2Fe2+ + 6H20 (9.13) 
Both methane production, R^j^,, and ferric iron reduction, RFmJj, are inhibited in the 
presence of oxygen. Moreover, methane production seems to be inhibited directly in the 
presence of reducible ferric iron (Chapter 6). Microbial biomass dynamics seems not 
important for methane production (subscript ^ and ferric iron reduction (subscript ^. 
Both rates can thus be described by a modified Michaelis Menten kinetics: 
o _ v [e~ donorj] 1 1 
+ 1 • max ,-
J JP
 K 
MJp+[e donorj] ^ +Ku02p [02] i + K.^Fe.[Fe 





-'f 'KM,{ He-donor^ KMFel[Fe^^Kimf W ' 
in which the e donorj is either H2 or acetate and the maximum conversion rate VmaxH2p 
equals 7.6 10"6 mol m'V1, Vmax^p equals 3.8 10'6 mol m'V1 VmaxH2,anA VmaxA, equal 
1.2 10"4 mol m's"1 (Chapter 6). The affinity constant KmH2p is 13.3 10"3 mol m3, KmAcf is 
2.56 mol m3, KmH2f is 0.22 10"3 mol m 3 KmAc, is 0.23 mol m"3 and KmFl is 61 mol m"3 
(Chapter 6). The inhibition constant Kj02 (defined similarly in Arah and Stephen (1998)) 
for methane production is estimated at 47 m3 mol"1 (from Fetzer and Conrad, 1993; 
Nedwell and Watson, 1995). Ki02 for ferric iron reduction will be smaller and is chosen at 
2/3 of the value for methane production. KiFl is taken at 8.3 m3 mol' total reducible iron 
(Chapter 6). The ferric iron concentration has a subscript
 s to indicate that Fe3+ is 
precipitated as Fe(OH)3 and dissolved and reduced by microbes, leading to a release of 
ferrous iron into the soil solution. 
Root compound conversions 
The important process within a root that influences methane oxidation is root 
respiration, R^ (mol 0 2 cm3 root s"1), which is described according to Luxmoore 
(1970a), neglecting the influence of assimilates on root respiration: 
D ^2) root
 m * ,N 
R
resp = resPm^ • ~ ~ ^ T (9.16) 
A-resp +(u2>root 
in which (O^, is the concentration in a root (mol m"3 gas), Respmax is the maximum rate 
of root respiration (3.23.10"9 mol cm"3 root s"1 for rice (Luxmoore, 1970b)) and K„9 (6.42 
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mol m~3 gas for rice roots (Luxmoore, 1970b)) is the oxygen concentration at which 
respiration is half Respmax. Root respiration is assumed to occur across the whole root 
length, which is assumed to be 0.22 m (Armstrong et al., 1991; Kludze and Delaune, 
1995). C0 2 is produced by root respiration. 
All biological reactions are presumed to proceed with a temperature dependence that can 
be described by a Q10 value, which is the relative increase in reaction rates at a 
temperature increase of 10°C, of 2 (Adas and Barta, 1987). 
Iron adsorption 
Iron transport in rice rhizosphere is complex and highly depends on pH dependent 
solubility. All ferric iron is immobile -indicated as [Fe3+J- precipitated as Fe(OH)„ 
neglecting other iron precipitates and is produced by iron oxidation and decreased by 
iron reduction. Ferrous iron is present in two forms: [Fe2+] -mobile in the soil solution 
and produced by iron reduction- and [Fe2+J -immobile, adsorbed to clay particles and 
consumed by iron oxidation. The equilibrium, which is assumed to occur almost 
instantaneously, between [Fe2+] and [Fe2+S] is given by (Kirk et al., 1990): 
[Fe2+] ([Fe?} + {Fe^' {Fe, 
2+i \l/n 
{Fe*+) + {Fe3s+} 
(9.17) 
in which {.} represents a concentration expressed in mol kg soil, a and m are Freundlich 
isotherm parameters (0.032 kg"1 mol'"m m3m and 0.57, respectively (calculated from 
Ahmad and Nye (1990)). n describes the pH dependence of Fe2+ adsorption on partially 




in which nA is 30 and nB is 0.9 pH"1 (Kirk et al., 1990). The pH is determined by the soil 
acidity, [HS] (mol m"3 water) and the soil buffer capacity bHS (39.6 mol m 3 water pH"1, 
calculated from Kirk et al. (1990)) (Nye, 1972): 
dpH 1 d[HS] 
-
t
— = - •— (9.19) 
dt bHS dt 
Temporal change in [HS] is determined by the production of acidity (in this study iron 
oxidation), consumption of acidity (in this study iron reduction) and transport of the 
most dominant base pairs in a soil layer /, H+-H20 and H2C03-HC03 : 
dHS 
—— = (Flow + - Flow + ) - (Flow - Flow ) 
dt l Ml-l Hl HtUii-i HLUit (9.20) 
+ A> • RFeOx mVW[ - A • RFered • VW[ 
in which A is a stoichiometry constant depicting the number of H+ transferred per iron 
and VwJ is the water volume (m3) in soil layer /. Transport is described by flow rates from 
layer /to layer /+/ (Eq. 9.21) and layer 1 is located closest to the root. 
Concentrations and flows of H+ are calculated by combining Eq. 9.19, 9.20, 9.21 and an 
active root release of H+ to balance nitrogen uptake (next section). Concentrations and 
flows of HC03", Flou>HCOU are calculated from concentrations and flows of total C 0 2 
available in a soil layer (which is C02(1) + C02(g)+ H2C03(1)+ HC03"(1), neglecting CO,2" 
because pH<8). Total C 0 2 is produced by soil mineralisation, methane production, iron 
reduction, root respiration and respiration coupled to methane and acetate oxidation (all 
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treated above). Total C 0 2 is distributed among water and gas phase as a function of pH 
in each soil layer /according to chemical equilibria for dissolution of C 0 2 (pK, = 1.406), 
hydration of C 0 2 to H2CO, (pK2=2.616) and the acid-base reaction of H2C03 to H C 0 3 
(pK^S.76) (Garrels and Christ, 1965; Kerns, 1960). Produced total C 0 2 is transported 
through the system via diffusion through water and gas phase. 
Transport 
All reactions described above can occur at different distances, r, from the root. In the 
model, a cylindrical geometry of 20 layers around a root has been incorporated. The 
thickness of the layers increases linearly with distance from the root, as the steepest 
gradients will occur closest to the root. The first soil layer has the same thickness as the 
root radius, rM (m), which was estimated at 0.37 10"3 m from primary root data (Drenth 
et al, 1991). 
Under influence of all reactions, gradients develop between compartments and diffusive 
flows occur. In the model, convective flows are neglected, because these flows contribute 
little to total water and solute transport in rice systems (Denier van der Gon and van 
Breemen, 1993; de Willigen and van Noordwijk, 1994). It is also assumed that the 
contribution of gas bubbles to transport is negligible at the short distances considered in 
the model. Adsorption of organic acids on iron oxides is also neglected, contrary to the 
model of Jones et al. (1996). The diffusive flow (mol s"1) out of soil layer / to layer /+/for 
all mobile compounds, M (02 , CH4, acetate, H2, C02 , H C 0 3 , H2C03, Fe2+ and H+), can 
thus be described by: 
FlowMl=DeffM.Ar^ (9.21) 
in which DtjM is the effective diffusion coefficient (m3 water m"1 soil s"1) and At is the 
cross section area (m2 soil) between soil layer /and layer /+/ . D^Mis given by: 
DA •TB£TA 
D
effM = ^ ~Z + DwM *B 0XA (9-22) 
in which £ is the gas filled porosity (m3 gas m"3 soil), 6 is the water filled porosity (m3 
water m 3 soil), CCM is the Ostwald coefficient (m3 gas m 3 water) and is taken from 
Wilhelm et al. (1977) for all M that can occur in the gas phase. TB and TA determine soil 
tortuosity -path length extension- and have values of 0.9 and 2.3, respectively (Campbell, 
1985). DAM is the diffusion coefficient of compound M in air (m2 gas s"1) and is 
calculated against N2 as a function of temperature according to theory by Hirschfelder et 
al. (1964). DWM is the diffusion coefficient of a compound M in water (m2 water s_1) 
(CH4: 2.22 109 m V (Jahne et al., 1987), 0 2 : 2.99 10~9 m V (Lango et al., 1996), H2: 5.34 
109 m2s4 (Lango et al., 1996), HCO, and H2C03: 1.40 10"9 m2s4 (Nye, 1972), C02: 2.22 
10"9 m2s-1 (Lango et al., 1996), Fe2+: 0.707 10"9 m2s1 (O'Connor et al., 1971), H+: 8.4 10'9 
m V (Nye, 1972), acetate: 0.672 10'9 m V (Darrah, 1991a) all at 30 °C). Temperature 
dependence oiDWM is described by a Q10 value of 1.31 (Segers, 2000). 
Besides various soil layers, a root compartment and an atmospheric compartment are 
distinguished. The root and atmospheric compartments are dominated by the gas phase 
and exchange between these compartments is given by: 
Fl
°
WM 'air-roo, = ^ t ' \ "#r <&'* ) " Wroot)) (9.23) 
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in which (Nf) is the concentration of a volatile compound M' (02) CH4, C02 , HJ in the 
gas phase (mol m"'1 gas), C0rl is the conductance at the rice root-shoot interface (estimated 
at 2.04 106 m3 gas m"2 tiller s"1, Groot et al. (2000)), A, is the cross section area of a tiller 
(estimated to be 3.2.105 m2) and # r is the number of roots per tiller (estimated to be 22 
(Colmer et al., 1998; Harada and Yamazaki, 1993)). (M'root) is corrected for root porosity. 
0)rl is by far the most important limiting factor for gas transport in a rice plant (Chapter 
7) and therefore other factors were neglected. This also implies that (M'nJ can be 
assumed to be homogeneous and that root respiration does not have to be solved 
spatially explicitly (this contrary to Armstrong and Beckett (1987)), because exchange 
between roots and atmosphere is about 45 times slower than mixing within a root. This 
also allows the assumption that exchange sites between root and soil (mainly at root tips 
and root hairs (Flessa and Fischer, 1992)) are homogeneously spread across the root 
surface. In addition, it is assumed that compound exchange between soil and root is not 
limited by root access. The root surface itself does not introduce an additional resistance, 
analogous to the situation at a leaf surface, where the limited area of the stomata does 
not introduce an extra resistance for transport (Monteith and Unsworth, 1990). This 
leads to: 
FloH,.Moil = ^ — • ([M'], -ac - ( i l O ) (9-24) 
'root' " c . 'mm . U - J ' M 
£ W ' A ™ , •£„>», DwM-Aoo,-d-£roo,) Deff„.-\.5 
in which AM is the root surface available for gas exchange (m2) assuming an active root 
length available for exchange of 0.075 m (Armstrong, 1971b), £ml is the root porosity to 
convert DAM to a root surface (estimated from a data compilation at 0.295 m3 gas m"' 
root (Chapter 7)), Aos is the soil cross section area halfway the first soil layer (m2) and r, 
is the thickness of the first soil layer (m). 
Root oxygen release can also be calculated with Eq. 9.24, because biochemically and 
photo-synthetically produced oxygen are not of importance in rice (Ando et al., 1983). If 
oxygen gradients within the root are important, then the model will underestimate root 
oxygen release, because oxygen concentrations at the root cortex is above the average 
root oxygen concentration (Armstrong and Beckett, 1987). 
Root exudation, assumed to be either acetate -shown to be a major constituent of root 
exudates (Dannenberg and Conrad, 1999)- or converted instantaneously into acetate 
(Dannenberg and Conrad, 1999), cannot be described by diffusion equations, because 




in which E is the root exudation rate (estimated at 9.6.104" mol m"2 root s"1 (Hoffland et 
al., 1989; Delhaize et al., 1993), which is similar to data presented by Lu et al. (1999) for 
default root radius and root length. 
For H+ diffusion across the root surface an eq. similar to Eq. 9.24 is used, using an 
apoplast pH of 6.5 (Mattsson et al., 1998): 
([H +],-[//!,]) (9-26) 1 
0.5-
(1 - £roo, ) ' Koo, • DWHt DWi<t • TB • e U • A,, 5 
In addition an active root release of H+ to balance plant uptake of ammonia is included. 
As default, a nitrogen uptake of 5 kg N ha"1 day] is assumed. 
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Boundary and initial conditions 
The atmosphere represents one system boundary (for which the exchange is dealt with 
above). The 2nd boundary occurs at the interface between rhizosphere and bulk soil. It is 
assumed that net exchange at this boundary is zero. This can be interpreted as 
equilibrium between bulk soil and outer soil layer or that the outer soil layer meets the 
outer layer of a proximate root. 
The amount of a compound M in a compartment is calculated from the production and 
consumption rates (corrected for compartment volume) and flows into and out of the 
compartment. The concentration of compound M is calculated from the amount M and 
compartment volume. The model simulation starts with an anaerobic soil that comes 
under influence of an oxygen releasing root at time zero. Dissolved methane is assumed 
to be 0.35 mol m~3 water (Rothfuss and Conrad, 1993; 1998) and initial acetate 
concentration is estimated at 0.05 mol m"3 from anaerobic soil in equilibrium (Chin and 
Conrad, 1995; Rothfuss and Conrad, 1993). All iron is assumed to be reduced and is 
estimated from the total reducible iron content, on average 180 Jlmol g d.w."1 (Yao and 
Conrad, 1999). Total dissolved C0 2 is estimated to be 6 mol m 3 (Conrad et al., 1986). 
Soil pH is chosen to be initially 6.7 (Ponnamperuma, 1972). Initial microbial biomass of 
heterotrophs and methanotrophs is estimated from biomass data presented for anaerobic 
bulk soil in rice paddies (Chapter 8; Gilbert and Frenzel, 1998; Kumaraswamy et al., 
1997). Gaseous concentrations in the root are assumed to be in equilibrium with the 
atmosphere. The model was run to simulate 48 hours. This is about the maximum united 
period that a microsite is under influence of oxygen release from a single rice root (Flessa 
and Fischer, 1992). A carbon balance was included in the model and never showed 
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Figure 9.2: Development of oxygen gradients in a rice rhizosphere after introduction of a 
rice root at an anaerobic microsite at t=0. 
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The driving force of the model is diffusive transport of oxygen from the atmosphere into 
the anaerobic soil. Part of the oxygen did not reach the soil, but was consumed in the 
roots, 4.11 (Amol cm"2 root surface day"1. Root oxygen release (ROL) was one of the 
diffusive flows calculated by the model and decreased in time (under influence of 
increasing soil oxygen concentrations) from 2.7 (Amol cm2 root day"1 to 1.8 |J,mol cm"2 
root day"1. The combination of root respiration, ROL and oxygen exchange with the 
atmosphere led within two hours to stable root oxygen concentrations of 2.37 mol m 3 
gas (5.7% v/v). 
Under influence of ROL, oxygen was introduced into an initially anaerobic rhizosphere 
and an oxygen gradient was established within few minutes. Most of the oxygen was 
consumed direcdy (total oxygen consumption, which is treated below, was more than 
99% of the ROL), but rhizospheric oxygen consumption never fully equalled ROL. This 
led to slighdy increasing oxygen concentrations in time without obtaining stable gradients 
(Figure 9.2). No oxygen was present beyond 3 mm from the root surface. 
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Figure 9.3: Development of gradients for a) total ferric iron, b) adsorbed ferrous iron and c) 
pH in a rice rhizosphere after introduction of a rice root at an anaerobic 
microsite at t=0. 
The introduction of oxygen into the rhizosphere triggered many oxidative processes. 
Ferric iron concentration increased (Figure 9.3a) and ferrous iron concentration 
decreased (Figure 9.3b) instantaneously near the root surface, but the maximum ferric 
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iron concentration moved away from the root surface in time. Around one 1 mm from 
the root surface, the ferric iron accumulated to concentrations that were higher than the 
initial total iron concentration. The pH decreased 2 units near the root surface under 
influence of iron oxidation (Figure 9.3c). Iron reduction had a minor counteracting 
influence on the pH decrease, because iron reduction rates were on average 25 times 
lower than iron oxidation rates. Maximum iron reduction rates occurred around 2 mm 
from the root surface, while the maximum iron oxidation rates occurred at 0.5 mm from 
the root surface (Figure 9.4c). Neither active (via nutrient uptake) nor passive (via carbon 
dioxide diffusion) flows of H+ across the root surface had a big influence on the soil pH: 
Neglect of both flows caused an additional pH decrease in the soil layer closest to the 
root of 0.17 unit. 
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Figure 9.4: Competition for oxygen: Oxygen consumption rates by a) methanotrophs, b) 
heterotrophs and c) iron oxidation in a rice rhizosphere after introduction of a 
rice root at an anaerobic microsite at t=0. 
Iron oxidation was the most important oxidative process in the rice rhi2osphere and 
accounted initially for 97% of the consumed oxygen. Iron oxidation rates decreased in 
time under influence of a decrease in available reduced iron (Figure 9.3b, ferrous iron 
concentration in the soil solution was negligibly small) and accounted for 80% of the 
oxygen consumption after two days of root influence. Mefhanotrophic and heterotrophic 
respiration increased in time, both relatively and absolutely. Heterotrophs were the 
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initialisation (taken from average anaerobic conditions). A sensitivity analysis, changing 
each parameter independently -which is correct because each parameter is independent-
was carried out to determine the dependency of the fraction of lost methane via methane 
oxidation (Figure 9.6). 
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Figure 9.7: Sensitivity of the model expressed as the fraction of methane production that is 
oxidised under influence of a) model parameter values and b) model 
initialisation. Parameters are as in Figure 6. 
Methane oxidation was mainly limited by oxygen. The sensitivity of methane oxidation 
on methane production (influenced by Cmin and VmaxAc}) and on initial methane 
concentrations was less than the sensitivity on parameters influencing competition for 
oxygen. The highest sensitivity was obtained for parameters influencing the competition 
for oxygen between methanotrophs and chemical iron oxidation. Mefhanotrophs had a 
better competitive ability at a higher initial biomass (BJ, higher maximum relative growth 
rate {}lmaxJ) and a higher affinity for oxygen (lower Ks02m) and if chemical oxidation 
proceeded slower, i.e. at a lower k and at lower total iron concentrations ([Fe2+ + Fe3+]). 
Heterotrophs had much less effect on methane oxidation as shown by the hardly any 
sensitivity for Bb and [CH3COOH]. The sensitivity for root exudation and kinetic 
parameters of the heterotrophs was even less (results not shown). This can be explained 
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from the smaller competitive ability of heterotrophs compared to chemical iron 
oxidation. Soil oxygen concentrations were mainly determined by the oxygen 
consumption processes in the soil. The conductivity of the root-shoot barrier (<»rt) and 
root respiration hardly influenced R O L (due to efficient exchange with the atmosphere) 
and thus hardly influenced methane oxidation (results not shown). 
Although methane oxidation is usually estimated from a difference in methane emissions 
with and without addition of specific inhibitors on methane oxidation, and is thus 
directly related to the methane oxidation fraction presented in Figure 9.6, these estimates 
are usually related to methane production. This procedure neglects the large changes -
also in comparison to methane production rates- in soil methane storage in proximity of 
a rice root. Because this may have major implications for the interpretation of methane 
oxidation rates, a sensitivity analysis on methane oxidation as a fraction of methane 
production was performed (Figure 9.7). 
In general, the sensitivities in Figure 9.7 were similar to those in Figure 9.6, with a few 
exceptions. The sensitivity for Cmjn was much higher; a high Cmin resulted in high methane 
production compared to total soil methane storage and led to a seemingly lower 
efficiency of methane oxidation. A similar reasoning can be followed for VmaxAcP, which 
showed a negative relationship with methane oxidation fraction, whereas it had a slightly 
positive relation in Figure 9.6. The positive relationship in Figure 9.6 was caused by the 
inhibition of a higher VmaxAcP on iron recycling, thus increasing the competitive ability 
of methanotrophs. Also the initial [CH4] shows a reverse relationship with methane 
oxidation in Figure 9.7 compared to Figure 9.6. A high initial [CHJ decreased the 
contribution of produced methane to oxidised methane and increased thus the apparent 
methane oxidation fraction. In some conditions the methane oxidation fraction increased 
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Figure 9.8: Oxygen amounts in the rice rhizosphere in time as a function of conductivity 
over the soil-root interface, relative to its default description. 
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The sensitivity analysis showed that the methane oxidation fraction is highly sensitive 
and non-linearly influenced by model parameterisation and initialisation, which makes 
methane oxidation hard to predict. Not only methane oxidation, but also the steady state 
for oxygen is influenced by the model parameterisation. At default conditions, oxygen 
amounts in the rice rhizosphere tended to increase in time. Decreasing the transport 
conductivity across the root-soil interface led however to decreasing oxygen in the rice 
rhizosphere (Figure 9.8, initialised with oxygen concentrations above zero to allow 
comparison). Decreasing oxygen concentrations in the rice rhizosphere have been 
predicted by Kirk (1993) and might well have been caused by his choice on transport 




Like all models, the model presented in this paper has several limitations. It is important 
to understand these limitations to interpret model performance. Microbial aerobic 
dynamics was limited to one methanotrophic species and one heterotrophic species, 
whereas many organisms interact in a rice rhizosphere. Arguments for excluding 
nitrification and sulphur oxidation are given in section 2, but one can still argue that one 
representative of a microbial group cannot mimic a complete microbial population. The 
affinity constants were however averages taken from published values and were similar 
to affinity constants found for dominant microorganisms isolated from a rice paddy 
(Chapter 8). The maximum relative growth rates were also average published values and 
might thus represent average conditions. Bodelier et al. (2000) showed however that 
methanotrophic activity in rice paddies might be increased significantly by nitrogen 
fertilisation. Such interactions are not explicitly accounted for in the model and need 
more research as the sensitivity analysis showed that Hmaxm had a large influence on the 
fraction of methane oxidised. Many of the parameter values for other processes, like iron 
oxidation, methane production and soil mineralisation, are variable or uncertain. For 
these parameter values a sensitivity analysis has been carried out and the influence could 
be quantified, although the variability in parameter values limits the application of the 
model for prediction purposes. 
Besides in the rice rhizosphere, methanotrophs (Bosse and Frenzel, 1997; Gilbert and 
Frenzel, 1998) and heterotrophs (Watanabe et al., 1979) have also been found at the rice 
root surface. These are not explicitly accounted for by the model, but the first soil layer is 
so thin (1 /4* root diameter) that it can be assumed that this soil layer represents the root 
surface as these will be hard to distinguish experimentally. Methanotrophs have also been 
found inside the rice root (Bosse and Frenzel, 1997; Gilbert et al., 1998). The activity of 
the microorganisms inside the root is however not known and their possible influence on 
total methane oxidation could therefore not be quantified. Given the short residence 
time of methane inside the root and the dominant gas phase within the root their 
influence will however probably be small. 
A more important limitation of the model seems that a homogeneous cylindrical 
geometry around the active part of a primary root has been used. An alternative spherical 
geometry around each root tip (of the primary and the laterals roots) does not represent 
reality either, because such geometry would need the assumption of a full sphere around 
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a tip, while in reality each tip is in exchange with the other parts of the root. Application 
of a spherical geometry did not lead to different results for the methane oxidation 
fraction (results not shown), although the gradients within the soil were steeper, because 
of the faster volume change with distance from the root surface. The reason for the 
comparable results for different geometries is that the exchange across the root surface 
and within the root are not the limiting factors for methane oxidation. 
A final limitation of the model is that root growth dynamics was not accounted for 
explicitly. None of the models mentioned in the introduction of the paper include root 
growth dynamics. This dynamics may however be important because of the absence of a 
steady state within the period over which a root is influencing a certain microsite. The 
implications of this limitation are therefore explored later on. 
Model performance 
There are no mechanistic models on methane oxidation in a rhizosphere, except for the 
model of Segers (2000), and there are no in situ measurements on methane oxidation in 
the rhizosphere, but model outcomes can be compared with various measurements and 
model estimates for different parts of the model. 
The model was driven by ROL into a rice rhizosphere. Unfortunately, many 
measurements of ROL expressed ROL per plant or per gram root, which would 
necessitate additional conversion with additional uncertainty. Those data were therefore 
excluded from comparison. Armstrong (1969) measured 4.2-6.8, Armstrong (1971a) 1.9-
3.6 and Colmer et al. (1998) 0.8-1.5 ^Imol cm"2 root day"1 in rice. These measurements are 
all in the same range as the ROL calculated by the model. Our calculated root respiration 
of 4.1 (irnol cm"2 root day"1 is similar to 3.0-4.2 (Armstrong, 1971a) and 2.1-2.5 |J,mol cm2 
root day"1 (Armstrong, 1971b). The ratio of root respiration and ROL can also be 
compared with measurements. Ueckert et al. (1990) showed that ROL was increased by a 
factor 2.6 when root respiration was inhibited, which means that root respiration is 1.6* 
ROL. In our model we obtain an estimate of 1.52-2.28*ROL. Root respiration had little 
influence on ROL as was shown in our sensitivity analysis, although root respiration was 
higher than ROL. This is in accordance with Colmer et al. (1998) who state root 
respiration rates are not a major factor determining the pattern of ROL along roots. Root 
oxygen concentrations are the resultant of root respiration, gas exchange with the 
atmosphere and ROL. Our modelled oxygen concentration of 5.7% v/v is comparable 
with 2-14% v/v (Raalte, 1940) and 0.4-10.4% v/v (Revsbech et al., 1999). Modelled root 
cortex oxygen concentrations (Armstrong and Beckett, 1987) vary between 0-20% v/v 
depending on root length and diffusion characteristics. 
Oxygen release into the anaerobic soil led to oxygen gradients, which did not proceed 
further than 3 mm from the root surface. Armstrong (1970) modelled an extent of 2.3-
2.9 mm for rice roots and Kirk (1993) also modelled 3 mm. Modelled oxygen 
concentrations varied from 0-190 (JM with an average of 60 |iM. These concentrations 
are comparable to those experimentally found by Frenzel et al. (1992) 10-115 [iM, 
Gilbert and Frenzel (1998) 10-152 \)M and Revsbech et al. (1999) 0-96 |XM. 
The introduction of oxygen triggered iron oxidation, leading to ferrous iron depletion 
and an accumulation of immobile ferric iron near the root surface. Kirk (1993) modeled 
similar distributions. Ferric iron accumulated to concentrations higher than the initial 
values. This is in accordance with measurements of Conlin and Crowder (1989) and 
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Wang and Peverly (1999). Such metal accumulation might either intensify toxicity or 
might be beneficial for micronutrient uptake. A steep pH gradient of 2 units established 
near the root surface under influence of acidity produced by iron oxidation, which was 
not balanced by acid consumption by iron reduction, similar to what was modelled by 
Kirk (1993). Measurements indicate variable gradients of 1-2.5 units (Begg et al., 1994), 
0.6 units (Gilbert and Frenzel, 1998) and 0.2 units (Revsbech et al., 1999). 
Methanotrophs and heterotrophs have to compete for oxygen with chemical iron 
oxidation, that dominated oxygen consumption. Reddy et al (1980) also found that at 
first oxygen consumption is dominated by chemical iron oxidation and that only 
thereafter both chemical and microbial oxidation reactions occur. Howeler and Bouldin 
(1971) found a somewhat lower contribution of iron oxidation, 50%, to total oxygen 
consumption in swamp soils. Swamp soils are however in general much richer in organic 
carbon than rice paddy soils. A higher contribution of heterotrophic respiration can 
therefore by expected for swamp soils. Watson et al. (1997) found in peat soils that 89-
94.2% of the microbial respiration is via heterotrophic respiration. We found a 75% 
contribution of heterotrophic respiration to microbial respiration for rice paddies. 
Oxygen consumption by methanotrophs in combination with methane release to the 
atmosphere and methane production led to changes in methane gradients. Methane 
production was only inhibited in the first 1.5 mm from the root surface in the rice 
rhizosphere. In the remaining aerobic rhizosphere, methane production was almost 
similar to the methane production under anaerobic conditions. The methane gradient in 
the rhizosphere was mainly determined by methane release to the atmosphere and was 
highly similar to the gradients measured by Gilbert and Frenzel (1998). In the rice root, 
methane concentrations were, with 140 ppm, much higher than background atmospheric 
concentrations. The authors are not aware of rhizospheric acetate data to compare the 
model estimates with. This is a pity, because other models on rhizospheric organic 
carbon predict similar (Jones et al., 1996), slightly higher (Newman and Watson, 1977) or 
much higher (Darrah, 1991a,b) carbon concentrations and all show decreasing organic 
carbon concentrations with distance from the root. This different trend from our model 
(Figure 9.5a) is explained by the fact that all other models were developed for aerobic 
systems, which do not have a large change in consumption efficiency with distance from 
the root surface. 
Given the proper model performance on the individual processes, the model can be used 
to calculate methane oxidation rates and compare those values with measured values of 
methane oxidation. However, such a comparison may be difficult, because of the many 
different methods used to measure methane oxidation. Even methane oxidation 
estimates with specific inhibitors, which yield the most accurate estimates of methane 
oxidation, vary from 4% (Denier van der Gon and Neue, 1996) to 52% (Epp and 
Chanton, 1993). Bodelier et al. (2000) recently showed that methane oxidation is highly 
dependent on nitrogen fertilisation. The sensitivity analysis of the model showed that 
high variabilities are probably not experimental artefacts, but reality. Methanotrophic 
biomass estimates in the rice rhizosphere can differ more than an order of magnitude, 
standard deviations in various estimates of the maximum specific growth rates of the 
methanotrophs (Ji.„ax^ and the methanotrophic constant for oxygen (Kr0^J are more 
than 50% (Chapter 8) and methane concentrations in rice paddies have a spatial 
variability of more than 300% (Rothfuss and Conrad, 1998). Such differences in 
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environmental conditions change modelled methane oxidation fractions by more than 
250% as shown by the sensitivity analysis, even though only one parameter was changed 
at a time. A sensitivity analysis carried out by Segers (2000) also showed that methane 
oxidation fractions could vary between 0-100%. 
On average, the model predicts a methane oxidation of 8.5% of the total amount of 
methane lost and 33% if expressed as a fraction of methane production. This is much 
smaller than the model estimates of Watson et al. (1997). It is however similar to a 
measured average methane oxidation of 29-34% of methane produced (Banker et al., 
1995; Bosse and Frenzel, 1998; Denier van der Gon and Neue, 1996). 
A direct comparison with measured values is however difficult, because the calculated 
methane oxidation fraction depends on the definition. Both definitions are used 
simultaneously, while this is not correct given the large change in methane storage due to 
methane released to the atmosphere. The dissynchronisation of methane production and 
methane oxidation makes that the definitions represent highly different situations. 
Without correction for changes in methane storage, the calculated methane oxidation 
fraction marks an upper boundary (33% in the default simulation), representing a 
situation in which the losses of methane in the rhizosphere are quickly refilled by 
methane produced in the surrounding anaerobic soil. Such situations may occur in soils 
with low root length densities. In such situations, a diffusive flow instead of an 
equilibrium should be considered across the outer boundary of the rhizosphere. Such a 
diffusive flow did not change the value of the simulated methane oxidation fraction 
(results not shown). On the other hand, methane oxidation as a fraction of total methane 
loss (8.5%) represents a lower boundary for methane oxidation and is only representative 
for a complete plant if the distance between primary roots is equal or closer than 10 mm 
everywhere in the soil. Depending on the root length density the overall average for 
rhizospheric methane oxidation calculated by the model is thus 8.5-33% and that is 
similar to published values obtained by the use of specific inhibitors. 
Rice rhizosphere dynamics 
The model showed two important things: i) The fraction of methane that is oxidised 
highly depends on model initialisation and other variable parameters, ii) There is no 
steady state within the period that a single root influences a soil microsite, because the 
growing root passes too quickly. The consumption of oxygen by chemical iron oxidation 
and microbial respiration is always smaller than ROL. As soon as a root tip reaches an 
anaerobic microsite, oxygen concentrations will increase according to the default 
simulation. Results with decreased conductivity across the root-soil interface (Figure 9.8) 
show a different situation. Under influence of root growth, the positions of exudate and 
oxygen release change however continuously in time. After an oxygen releasing period, 
the microsite becomes anaerobic within a few hours (results not shown), because root 
growth rates are with 1-2 cm day"1 much higher than the few mm diffusion per day in 
water. Aerobic conditions develop again when a new root arrives at the microsite. The 
length of the period in between depends on the root length density. This means that the 
rice soil is a dynamic system and that the rice rhizosphere is not a static, steady state 
environment. 
Methane oxidation is a.o. highly influenced by the initial microbial biomass, and 
especially by methanotrophic biomass. Given the temporal dynamics in a rice 
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rhizosphere, it seems that this biomass will mainly be determined by the extent to which 
methanotrophs are able to survive anaerobic periods. There is not much information 
available on this subject, although it seems that methanotrophs can survive anaerobic 
conditions for long periods (Roslev and King, 1994; 1995). The model predicts that 
methanotrophic biomass increases to maximally 800% of its initial value within two days 
(the maximum heterotrophic biomass was less than 400% of its initial value). 
Experimentally, methanotrophic numbers in the rhizosphere have been found to be up 
to 2 orders of magnitude higher than in the bulk soil (Chapter 8; Gilbert and Frenzel 
1998; Kumaraswamy et al., 1997). Methanotrophic biomass has also been found to 
increase during the season (Chapter 8). These increases are probably due to the 
combination of a good survival and rapid growth if oxygen is available. Methanotrophic 
biomass and methane oxidation will thus depend on the history of the microsite. A better 
prediction of methane oxidation will be possible if more quantitative information on 
adaptation and survival capacities of methanotrophs and heterotrophs becomes available. 
In time, not only microbial biomass may change, but also the concentrations of acetate, 
methane and ferrous iron will change. The turnover time for root exudates is less than V* 
day. Consumption is larger than the production of carbon substrates and ferrous iron. 
Depending on root growth dynamics and root length densities, the carbon substrates or 
ferrous iron may thus become limiting, influencing the methane oxidation fraction. 
Moreover, the effects described above will depend on whether a root tip or lateral roots 
are considered. Methane oxidation will thus be highly variable, both spatially and 
temporarily and will depend on the history of the microsite. 
9.5 Conclusions 
This paper presents an extensive integrative mechanistic model on the processes leading 
to methane oxidation in rice rhizosphere. Modelled predictions on processes, a.o. root 
oxygen release, and modelled compound distributions were similar to what has been 
found experimentally. The introduction of a growing root into a reduced soil microsite 
leads to a fast increase in oxygen concentrations near the root, accumulation of ferrous 
iron, pH decrease and depletion of acetate and methane near the root surface. Estimates 
of methane oxidation depend on the definition used. Methane oxidation as a fraction of 
methane produced was comparable (33%) to experimental estimates, but should only be 
applied in soil with low root densities. The fraction methane lost via oxidation, which is a 
more appropriate measure in soils with normal or high root length densities, was much 
lower (8.5%). A sensitivity analysis showed that methane oxidation depends on model 
initialisation and parameterisation and that it is especially sensitive to parameters 
influencing the competition between methanotrophs and chemical iron oxidation. Other 
processes, e.g. methane production or heterotrophic respiration, have much less 
influence. Methane oxidation depends thus on root growth dynamics and will be highly 
spatially and temporarily variable, which makes a general prediction of methane 
oxidation difficult. 
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General discussion 
This thesis describes the development of a model on methane emissions from rice 
paddies that can be coupled to a Geographical Information System (GIS) to estimate 
regional emissions. Such a model should be process-based, to allow extrapolation, and 
should need only few input parameters, to allow the estimation of emissions at a regional 
scale using commonly available databases. In this chapter I will evaluate to which extend 
these objectives have been realised. Three issues will be discussed: i) The extend to which 
the field scale model could predict methane emissions from rice paddies with few input 
parameters (also in comparison with earlier developed field scale models), ii) The validity 
of the process-based field scale model by a comparison between process descriptions in 
the field scale model and outcomes of developed mechanistic models on these processes, 
iii) The possibilities for upscaling by a combination of model and databases. 
10.1 Emission predictions with a field scale model 
Several models on methane emissions from rice paddies were published the last few 
years. Some of these models were highly empirical (Hosono and Nouchi, 1997; Huang et 
al., 1998), others were process-based (Arah and Stephen, 1998; Cao et al., 1995; Khalil et 
al., 1998a). The advantage of empirical models is that they need only few input 
parameters. Results of empirical models are however difficult to extrapolate beyond the 
area for which they were developed, which is problematic in view of the upscaling 
objective. Some process-based models (Arah and Stephen, 1998; Khalil et al., 1998a) 
need site specific parameters, like on methane production potential and plant transport 
characteristics. This makes these models not suitable for upscaling, although their 
process-based descriptions are proper. The model of Cao et al. (1995) is process-based 
and needs only few parameters, which makes this model potentially suitable for 
upscaling. Some of the descriptions in this model however do not seem proper in view 
of recent process information (discussed below). Therefore, it was chosen to develop a 
new process-based field scale model on methane emissions from rice paddies (Chapter 
2). 
None of the models, including the model presented in this thesis, is suitable to predict 
diurnal variation -high in the afternoon and low during the night- in methane emissions. 
The processes leading to diurnal variations are complicated and only partly understood. 
Diurnal variations depend in many cases on temperature (Chanton et al., 1997; Wang et 
al., 1999) and are much larger early in the season (Satpathy et al., 1997) and in 
unvegetated than in vegetated paddies (Byrnes et al., 1995). This suggests a major 
influence of ebullition on diurnal variations. Ebullition is not treated explicitly in any of 
the models. Diurnal variations will therefore not be considered in this discussion. 
Neither can the model be used for predictions of emissions from ratoon crops, a rice 
crop produced by regrowth of previously harvested rice, which is produced in e.g. Texas. 
The new model (Chapters 2 and 3) uses process information to simplify the process 
description making one crucial assumption, which is the division between a rhizosphere 
and a bulk soil compartment. This approach led to a process-based model that needs 
only few parameters and which is thus potentially suitable for upscaling. The model was 
validated with field methane emission data by closed chambers -which do not seem to 
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bias emission estimates- and showed a standard deviation of less than 10% compared to 
the measurements (Chapter 2; Figure 10.1c). 
For the methane emissions from 6 treatments at 2 sites in the Philippines (Figure 
10.1a,b), the model presented in this thesis performed better than the two other 
published models that can be used with few parameters, both for the daily and the 
seasonal dynamics. The other models were originally not parameterised for the 
Philippines, but for Italy (Cao et al., 1995) and Texas, USA (Huang et al., 1998), 
respectively. The model of Huang et al. (1998) performs better than the model of Cao et 
al. (1995) -that was reprogrammed- for almost all treatments. The model of Huang et al. 
(1998) which was developed for soils low in soil organic carbon, underestimates methane 
emissions in most treatments, because soil mineralisation was neglected. O n the other 
hand, the model of Cao et al. (1995) is almost fully determined by soil mineralisation and 
is hardly influenced by site specific conditions. Both Cao et al. (1995) and Huang et al. 
(1998) neglect the influence of alternative electron acceptors and overestimate methane 
emissions at Los Banos, that is high in reducible iron. From these comparisons, the 
development of a new process-based model that needs few input parameters (like the 
model of this thesis) seems thus justified. A more complete comparison with sites from 
all over the world is however necessary to provide a conclusive answer. 
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Figure 10.1: Methane emission measurements and predictions using different models for 
different sites in the Philippines; a) Maligaya wet season 1996, b) Los Banos wet 
season 1997 and c) seasonal methane emissions. 
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10.2 Validity of the field scale model 
Methane production 
In the field scale model, two major simplifications on the description of methane 
production were made, i) It was assumed that produced carbon substrates were direcdy 
used by microorganisms reducing nitrate, sulfate, ferric iron or producing methane 
without intermediate accumulation, ii) It was assumed that the microbial reduction 
sequence followed strictly the redox sequence and thus that microorganisms 
outcompeted each other. 
The mechanistic methane production model (Chapter 6) combines available knowledge 
on the processes leading to methane production under anaerobic conditions. Microbial 
competition for common substrates -acetic acid, H2 and some inorganic electron donors-
is described by Michaelis-Menten kinetics. This implies that actual substrate 
concentrations are calculated and used in the model. In addition, some other microbial 
interactions that are only partly understood, like product inhibitions and lag times, are 






2 4 6 8 10 
simplified model (nmol X ) 
Figure 10.2: Comparison between field scale -simplified- model and extended mechanistic 
model estimates on methane production for a) seasonal dynamics at Maligaya, 
wet season 1996 at the control treatment, b) seasonal dynamics at Los Banos, 
wet season 1997 at the control treatment and c) seasonal methane production. 
180 Chapter 10 
Methane estimates for both models were compared for all validation treatments 
discussed in Chapter 3. Two examples are shown in Figure 10.2a,b. At the Maligaya site 
with relatively low reducible iron, the simplified model simulates higher methane 
production rates than the extended model, except at the beginning and the end of the 
season. At that point, the reducible iron is below its inhibiting concentrations and all 
available substrate is direcdy converted into methane. In the extended model, not all 
available substrate can be consumed direcdy, because of limited production rates. The 
competitive ability of the methanogens compared to the iron reducing bacteria increases 
during the season. This leads to a steady increase in methane production rates during the 
season. A similar pattern is found for the extended model for Los Banos, whereas the 
simplified model predicts less methane production than the extended model. At Los 
Banos, the reducible iron concentrations are high. The simplified model predicts no 
methane production at the start of the season and very small production rates at other 
moments due to the simplified description for competition. Depending on the ratio of 
substrate availability to reducible iron, either the neglect of substrate accumulation or the 
outcompetition effects dominate the deviation between the estimates of the extended 
and simplified model. The largest differences between the two production estimates 
coincided with the highest differences between predicted and measured methane 
emissions (Chapter 2; Figure 10.1). Methane production on a seasonal basis for both 
models is quite related, which is important to know because seasonal estimates are used 
for upscaling purposes. 
Besides a validation of the simplified model, the mechanistic model can also be used to 
identify gaps in knowledge. There is a lack of quantitative knowledge on the temperature 
dependence of affinity constants, on manganese reduction kinetics, on the use of 
inorganic compounds as electron donors and on the inhibition of sulphate reduction and 
methane production during iron reduction. Humic acid reduction does not seem 
important in rice paddy soils, but might become more important in organically fertilised 
rice paddies. Coupling of thermodynamics with kinetic descriptions might improve some 
of the uncertainties. Introduction of different microbial species, like homoacetogens and 
the distinction between Methanosarcina and Methanosaeta, might further improve the 
understanding but would make it completely impossible to apply the model for 
upscaling. These uncertainties on methane production have a strong influence during the 
first part of the season. To understand the dynamics of methane emissions in this period, 
a better quantitative understanding of the processes leading to methane production is 
needed. 
Methanogens have also been found at the root surface, as recendy described by 
Grosskopf et al. (1998). These methanogens might have different kinetic characteristics 
than methanogens in the soil slurry (Conrad et al., 2000). At the rice root surface aerobic 
conditions prevail, which will inhibit methanogens direcdy (Nedwell and Watson, 1995). 
This inhibition was not accounted for in the model. Due to the presence of oxygen, part 
of the acetate will be consumed during heterotrophic aerobic respiration (Chapter 9), 
which is much faster than the anaerobic consumption of acetate. This was neither 
accounted for in the model. This might have led to an overestimation of substrate 
accumulation in the rice rhizosphere. The methane production model can thus not be 
direcdy used for predictions near the root surface. 
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A high spatial variability -as explained above for the root surface- occurs at many other 
microsites within the rice paddy, e.g. around soil cracks or soil aggregates. This variability 
limits, in combination with non-linear relations, the prediction possibilities of methane 
production for a complete rice paddy. 
A prerequisite for a good model on methane production is that the production of carbon 
is well described. The influence of different descriptions for soil organic matter 
mineralisation is considerable (Chapter 2). A model specifically developed for anaerobic 
conditions does not exist, but such a model might improve the predictions. Such model 
should at least account for different mineralisation rates as affected by different 
dominating electron acceptors (D'Angelo and Reddy, 1999; McLatchley and Reddy, 
1998) and should distinguish various hydrolysis and mineralisation steps (Vavilin et al., 
1996). The mineralisation model presented in this thesis seems to be the best description 
available (Chapter 2). 
Besides gaps in knowledge, there is also a deficiency in quantitative data. The Vmax for 
acetic acid and H2 of nitrate reduction, ferric iron reduction, sulphate reduction and 
methanogenesis in principle have to be estimated for each situation separately. The 
differences in Vmax estimates and the consequences of these differences can be 
considerable (Chapter 6), but will, by definition, be unknown during upscaling. It is 
encouraging, that the mechanistic model with average estimates for VmM values gave 
similar seasonal methane production values to the simplified model (Figure 10.2c). This 
might be different in a situation with high organic fertiliser applications, when Vmas 
values will probably be higher (Wassmann et al., 1998). This may lead to a methane 
emission underestimation at high applications, when using the mechanistic model. It can 
be argued that methane emissions are underestimated if carbon substrate concentrations 
at the end of the growing season are still considerable. 
Methane transport 
Methane transport is described in the field scale model by a mean residence time, which 
is constant throughout the season, multiplied by the methane concentration in a 
compartment (Chapter 2). The mean residence time was different for each compartment 
and was much larger for the bulk soil than for the rhizosphere. The residence times were 
estimated from published data as 2.5 hours for the rhizosphere and 12.5 days for the 
bulk soil. The development of a mechanistic model on gas transport through a flooded 
soil-plant system (Chapter 7) allows a mechanistic validation of estimated residence 
times. 
The mean compound residence time in the rhizosphere can be estimated from the sum 
of the ratios of compartment volume over compartment conductance for rice shoot, rice 
root and rhizospheric soil. The volume of the rice shoot depends on the number of 
tillers, tiller length and tiller radius. The volume of the rice root depends on the root 
radius, root length and number of roots and the volume of the rhizospheric soil depends 
additionally on the distance between the roots. The conductances in shoot and root 
depend on the diffusion coefficient in air and on the conductance over stomata and the 
root-shoot interface, respectively. The conductance in the rhizospheric soil depends on 
the soil diffusion coefficient. All these parameters can be calculated from the equations 
given in Chapter 7. Results are shown in Figure 10.3. 
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The average residence in the rhizosphere is 5.1 hours and this difference with the 
imposed residence time in the field scale model can be neglected on a seasonal scale. 
Contrary to the estimate in the field scale model, the mechanistic model shows large 
dynamics during the season. This dynamics is mainly caused by changes in the residence 
time in the rhi2ospheric soil, which also in absolute terms is the dominant contributor to 
the residence time in the rhizosphere compartment. The residence time in rhizospheric 
soil is mainly determined by the distance between the roots, which is again a function of 
the root length density. The root length density is different at different soil depths, at 
different times of the growing season and depends moreover on the rice cultivar. In the 
field scale model differences in soil depth were neglected for arguments given in Chapter 
2. Due to non-linear relationships between root length density and root distance, these 
soil depth differences might lead to a refinement of components that contribute to the 
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Figure 10.3: Calculated residence time in the total rhizospheric compartment based upon 
individual residence time for the rhizospheric soil, rice root and rice shoot as a 
function of the time in the growing season. 
Temporal changes in root length will have more influence. Both the temporal change in 
root length and the total root length density that is obtained depends on many variables, 
such as site, fertiliser use and rice cultivar (Slaton et al., 1990; Tanaka et al., 1995). 
Quantification and prediction of the effects of these factors is difficult. In this thesis all 
data on this subject were averaged and only data from high yielding rice varieties were 
used. Prediction of these changes will however be important for mechanistic modelling 
of methane emissions from rice paddies under different conditions and different rice 
varieties, especially because of the influence of root distance on methane oxidation 
(treated below). Rice varieties will not only influence root length density, but also root 
exudation, root respiration, root transport conductivity and root oxygen release. The 
results of Figure 10.3 show that although variability in root conductance are up to a 
factor 5, this will only lead to a doubling of the rhizospheric residence time. For a 
seasonal estimate of methane emissions, this factor is therefore less important. Root 
General discussion 183 
respiration is also only of minor importance (on methane oxidation) as shown below. 
Root oxygen release is also highly cultivar dependent (Satpathy et al., 1998) and affects 
methane oxidation. Root exudation, an important carbon source for methane production 
in soil low in organic carbon, is another factor causing large differences in methane 
emissions from different rice varieties as mentioned in Chapter 3. These factors need to 
be known before mechanistic modelling of methane emissions from rice paddies can be 
applied for different rice cultivars in upscaling. 
The residence time of methane in the bulk soil can also be estimated from the theory 
presented in Chapter 7. The total residence time in the bulk soil is the sum of the 
residence times in the soil and in the water layer on top of the soil. These residence times 
are again determined by the layer thickness and the diffusion coefficient of methane in 
water. If an average soil depth of 10 cm -which is half the average thickness of a rice 
paddy- and a flooding layer of 2 cm is applied, then a residence time of 122 days is 
calculated. This is much higher than the 12.5 days for measured average residence time. 
The main reason for the difference between calculated and measured residence times is 
that the dominant pathway in the bulk soil is not diffusion, but ebullition (Chapter 2). 
Ebullition is a complex process that depends among others on methane concentration, 
soil bulk density, soil structure and the production of other gases. Ebullition is usually 
neglected in field scale models, while it is an important pathway for methane. Ebullition 
is only implicitiy accounted for in the field scale model presented in this thesis. If 
ebullition is accounted for, then it is taken as a function of saturated methane 
concentrations (Arah and Kirk, 2000; Grant, 1998). The most comprehensive description 
is presented by Segers (2000), but even that description is, necessarily, partly empirical. If 
methane transport is to be described mechanistically, then a model on ebullition needs to 
be developed. 
Methane oxidation 
The field scale model describes methane oxidation as a bell-shaped, time dependent 
fraction of methane production. The parameter values for the gaussian function were 
based on an average estimated methane oxidation fraction of 33% and estimated root 
oxygen release dynamics throughout the season. The average methane oxidation fraction 
was only based on measurements using specific inhibitors, because indirect methods to 
measure methane oxidation highly overestimated methane oxidation (Chapter 2; King, 
1996). Root oxygen release will drive methane oxidation in the rhizosphere, because 
methane oxidation in the rice rhizosphere is oxygen limited (Chapter 8, Bosse and 
Frenzel, 1997). Root oxygen release was estimated from root exudation data -which is 
highest when the root is most active-, because root oxygen release and root exudation 
appear to be coupled via changes in membrane permeability (Setter et al., 1989). One 
function of root oxygen release is to detoxify reduced products like Fe2+, H2S and 
organic acids, which is needed most when the root is most active. Circumstantial 
evidence is found from the fact that the root oxidative power — which unfortunately 
cannot be used directly to estimated root oxygen release (Ando et al., 1983)- had a similar 
seasonal dynamics as the imposed gaussian curve (Satpathy et al., 1997). 
The mechanistic model (Chapter 9) does not impose any direct relationship between 
methane production and methane oxidation. Instead, the important aerobic and 
anaerobic chemical and microbial interactions occurring in the rice rhizosphere were 
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accounted for. Using all these interactions, the competition for oxygen between 
methanotrophs and other oxygen sinks -heterotrophic respiration, chemical iron 
oxidation and root respiration- was calculated. Calculated methane oxidation rates were 
compared with methane lost from the rhizosphere during the same period (caused by 
methane emission and methane oxidation) and to the actual methane production rate 
during the same period. 
Mechanistic estimates of methane oxidation were calculated by running the mechanistic 
oxidation model (Chapter 9) for one day at different times during the growing season 
(Figure 10.4). Initial concentrations of acetic acid, ferrous iron, ferric iron and methane 
were estimated from a coupled model of the mechanistic methane production model 
(Chapter 6) and the field scale model (Chapter 2) and by running this coupled model as a 
function of the growing season. Mineralisation rates were directly estimated from the 
time of the growing season (Chapter 2). Root exudation rates were varied during the 
season according to the gaussian curve introduced above. Initial methanotrophic and 
heterotrophic biomass were estimated as a function of the growing season from Most 
Probable Number counts (Chapter 8). 
LB97, mechanistic model 
MA96, mechanistic model 
field scale model for both sites 
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Figure 10.4: Comparison between field scale model and mechanistic model estimates on 
methane oxidation. 
Both estimates for methane oxidation peak in the middle of the growing season. The 
small peak found for the mechanistic model occurs probably at different moments 
during the season for different roots and will smooth to a gaussian type of curve. 
Calculated methane oxidation is slightly site dependent, which is mainly due to a 
difference in alternative electron donors. At the start of the season, the mechanistic 
model calculates higher methane oxidation fractions, but this difference can be neglected 
because methane production rates are very low at that point. There is however a major 
difference in the absolute methane oxidation fraction calculated for both models. This 
difference may have several reasons: 
i) The lower estimate for the mechanistic model may partly be due to the low calculated 
methane concentrations in the rice rhizosphere. These concentrations were far below 
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saturation and might be caused by the continuous methane release from the rhizosphere 
in the field scale model, whereas in reality methane will only be released close to lateral 
roots or root tips. Actual methane concentrations and therefore methane oxidation rates, 
will thus be underestimated. 
ii) Methane oxidation is usually estimated from a difference in methane emission when 
using specific inhibitors. Methane oxidation as a fraction of the methane lost was 
therefore used for comparison with the field scale model. In most reports, including 
those used for estimation in the field scale model, calculated methane oxidation is 
directly related to methane production. This is not strictly correct because changes in 
methane storage are neglected in this approach. Changes in methane storage in the rice 
rhizosphere -and thus between the two calculations for methane oxidation- can be 
enormous (Chapter 9), because roots provide an efficient pathway for methane to escape 
to the atmosphere. This might have major implications for the interpretation of methane 
oxidation rates, so far never considered. 
iii) Recycling in rice rhizosphere of electron acceptors, like ferrous iron and sulphides, is 
neglected in the field scale model, while it was shown (Chapter 9) that reoxidation of 
ferrous iron in the rice rhizosphere is important. Sulphur recycling in the rice rhizosphere 
might explain the influence of sulphate fertilisation on methane emissions from rice 
paddies (Denier van der Gon et al., 2000). This neglect overestimates methane oxidation 
and experiments with stabile isotopes might help to quantify these processes. Recent 
methane oxidation measurements indicate that methane oxidation is probably closer to 
10-30% (Bodelier et al., 2000) than 10-60%, as used in the field scale model. The neglect 
of alternative electron acceptor recycling and overestimation of methane oxidation is 
mechanistically speaking wrong. Overall methane emissions are however not influenced 
by these errors, because this neglect only has an influence within the electron acceptor 
input of the electron balance (Segers, 1999). For the electron balance, and thus for 
methane emissions, it does not matter whether electrons are recycled via methane or via 
iron. In both cases the overall reaction equation can become the same: 
CH,COOH -> CH4 + C0 2 
CHd + 2Q-, -> CO-, + 2H ;Q 
CH,COOH + 20 2 -> 2CQ2 + 2H 2 0 
and 
16H+ + CH,COOH + 8Fe(OH)3 -> 8Fe2+ + 2C02 + 22H20 
4 F e 2 + + O , + 10H,O -> 4FefQFfl., + 8H+ + 
CH3COOH + 20 2 -> 2C0 2 + 2H20 
The application of a mechanistic model for methane oxidation does not necessarily mean 
that methane oxidation can be predicted well. There are still several additional factors 
that need to be considered and that are only partly known. Measurement of root oxygen 
release, the driving factor for methane oxidation is difficult and uncertain (Sorrell and 
Armstrong, 1994). Anaerobic methane oxidation is thermodynamically possible, but 
never proved to occur, and was therefore not included. It is also known that 
methanotrophs and heterotrophs are present at the root surface (Bosse and Frenzel, 
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1997; Gilbert and Frenzel, 1998). These are not explicitly accounted for by the model, 
but the first soil layer is so thin (1 /4* root diameter) that it can be assumed that this soil 
layer represents the root surface. Methanotrophs have also been found inside the root 
(Bosse and Frenzel, 1997; Gilbert et al., 1998) and even on or in the leaves (unpublished 
results). The number of microorganisms inside the plant and their activity are not known 
and their possible influence on total methane oxidation could therefore not be 
quantified. Given the short residence time of methane inside the plant (Chapter 7), their 
influence will probably be small. The influence of other uncertain parameters like root 
respiration, root exudation and root conductance were also shown to be small (Chapter 
9). More important is the uncertainty in kinetic parameters of the methanotrophs and 
chemical iron oxidation. Changing the -highly uncertain- rate constant for chemical iron 
oxidation, k, leads to a more than proportional change in methane oxidation rates. The 
influence of |Amaxm is even larger (Chapter 9), while the standard deviation in ^^.n 
amounts 50% (Chapter 8), depending on conditions and on the methanotrophic species 
chosen. Recent results of Bodelier et al. (2000) showed that the growth of 
methanotrophs is ammonia limited. Fertilisation with urea will increase (im„m and thus 
methane oxidation. After ammonia has been taken up by the rice plant, methane 
oxidation will decrease again. The survival of microorganisms in adverse conditions is 
another limiting factor. Quantification of these effects deserves high priority and limits 
the application of mechanistic insights for upscaling. 
Finally, a major limitation for the use of the mechanistic model to estimate methane 
oxidation at the field scale or higher scales, is -as shown before for the processes of 
methane production and methane transport- the parameterisation. The influence of 
various initial parameters on methane oxidation estimates is large (Chapter 9) because no 
steady state gradients are established within a short time frame. Estimation of these 
parameter values is difficult due to the spatial and temporal variability of the processes, 
driven by root growth dynamics, which is hard to estimate (as shown above). Besides the 
large spatial and temporal dynamics of concentrations of methane and acetate (Rothfuss 
and Conrad, 1998) and acetate, the dynamics of methanotroph biomass is important 
(Chapter 9). This dynamics is not only influenced by |Amaxm, but also by the survival of 
methanotrophs under anaerobic conditions. The influence of different descriptions for 
survival, adaptation and maintenance is large (results not shown). Unfortunadey, these 
processes are poorly understood (Roslev and King 1994; 1995). It might also be 
questioned whether a Double Monod description is appropriate in all circumstances. 
The influence of temporal variability is shown in Figure 10.5. It was assumed that 
microbial mortality did not occur. In Figure 10.5, the mechanistic model was adapted to 
a spherical geometry. The simulation starts at a soil microsite in exchange with a root tip. 
While the root grows at a rate of 1 cm day"1 (Wopereis et al., 1995) different conditions 
occur at this microsite. After the root tip of 1-2 cm (Armstrong, 1971a; Kumazawa, 
1984), an anaerobic root zone passes. Then, the soil comes into contact with the oxygen 
releasing lateral roots, that are around 7 cm from the apex (Armstrong, 1971a). In the 
meantime, the concentrations of acetate and methane changed due to anaerobic 
processes and as a result the methane oxidation at the lateral roots is higher than at the 
root tip. These results can however not be generalised, because of the many non-linear 
interactions. All together it can be concluded that, due to the complications, a 
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Figure 10.5: Temporal dynamics in methane oxidation around a single rice root under 
influence of root growth using the mechanistic model on methane oxidation 
with a spherical geometry. 
10.3 Upscaling possibilities for methane emissions 
Although there are considerable differences between mechanistic process descriptions 
and the corresponding descriptions in the field scale model, the predicted seasonal 
methane emissions for the field scale model had only a deviation of 7% compared with 
measured emissions. Given the large uncertainty in global methane emissions, 20-100 Tg 
CH4 yr', the field scale model is not limiting the accuracy of global methane emissions. 
A model that predicts emissions with only few input parameters available in regional 
databases is, however, not the only necessity in upscaling. Other factors are the 
estimation of input parameters, data handling and data resolution. Although it was tried 
to keep the number of input parameter to the minimum, some crucial parameters are 
difficult to estimate. This applies for instance to the amount of reducible iron, which has 
to be estimated from extracted iron. Data on the relationship between reducible and 
extractable iron are scarce. Another example is the straw management of farmers, which 
has a large influence on methane emissions (Denier van der Gon et al., 2000), while it is 
not included in agricultural databases. Not all data are available at the same data 
resolution, while some data are only available as point data. This makes data interpolation 
necessary and induces errors (Chapter 4). Data resolution is also of importance. Most 
estimates assume a homogeneous methane emission within each country, while 
resolution effects might occur due to non-linear relations between methane emissions 
and underlying parameters in combination with the high spatial and temporal variability 
in underlying parameters. This was shown for the case study of Java (Chapter 4; Denier 
van der Gon et al., 2000). In an analysis for the case study of Java (van Bodegom et al., 
2000) it was shown that the uncertainties introduced by estimating methane emissions 
from a model were much smaller (7%) than uncertainties due to data interpolation 
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(32%), use of different data sources (48%), or data resolution (9%). In this analysis only 
data effects under influence of soil information were included. If all data variability (e.g. 
of variability in yield, harvest index or water and nutrient management) would have been 
included, the effects might have been even larger. 
The presence of these scaling effects means that data availability and not model 
uncertainty is the limiting factor in upscaling of methane emissions from rice paddies to 
regional scales. Many of the data issues are not accounted for in upscaling studies, which 
might partly explain the large uncertainty in the global estimates. Only with more detailed 
databases might an unbiased estimate of methane emissions from rice paddies be 
possible. As long as this information is not available it will be hard to obtain less 
uncertain emission estimates by the application of upscaling alone. 
10.4 Conclusions 
Comparison between mechanistic process models and simplified descriptions in the field 
scale model showed some deviations between the different descriptions. Still, 
mechanistic models or a combination of these mechanistic models are not suitable for 
application in upscaling. Some processes, like ebullition and microbial dynamics, are 
poorly understood and limit application. Even if all processes can be quantified, the 
unknown spatial and temporal variability of the parameters will still limit the application. 
A simplified process-based field scale model will therefore have to be used for upscaling. 
The process-based model presented in this thesis is suitable for that purpose, although 
the incorporation of alternative electron acceptor recycling combined with a downward 
adjustment of methane oxidation would be advisable. The field scale model presented in 
this thesis compares favourably with other field scale models, although for a 
generalisation of the results, more validation sites are necessary. The deviation in 
seasonal methane emissions was 7% for 6 sites in the Philippines. 
With this small model deviation the objectives mentioned in the introduction of this 
thesis are met. This does not mean that upscaling for methane emissions from rice 
paddies can be applied successfully. Several problems can be mentioned; i) Essential data 
on the spatial distribution of variables, like water, nutrient and cultivar management are 
not available, ii) High heterogeneity in combination with the non-linear relations induces 
scaling errors, which can be considerable when applying large scale databases. With 
detailed databases and geostatistical tools, the heterogeneity can be accounted for, but 
this estimate will be regionally specific, iii) Validation is seriously hampered by the lack of 
independent data at a regional scale. Validation by downscaling techniques could in 
principle be possible but is severely hampered by data on atmospheric CH4 mixing ratios 
(Houweling, 2000). Upscaling of methane emissions from rice paddies remains thus a 
major scientific challenge. 
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Samenvatting 
van Bodegom, P.M., 2000. Methaanemissies uit rijstvelden; experimental en modellering. 
Proefschrift Wageningen Universiteit, Wageningen. 
Inkiding 
Dit proefschrift behandelt modelontwikkeling en experimenten uitgevoerd om 
methaanemissies uit rijstvelden te begrijpen en te voorspellen. De methaanconcentratie 
in de atmosfeer is de afgelopen eeuw verdubbeld en draagt daarmee ongeveer 20% bij 
aan het versterkte broeikaseffect. Dit versterkte broeikaseffect kan niet alleen mondiale 
opwarming veroorzaken, maar kan ook weerspatronen veranderen en kan leiden tot 
meet extreme weerstypen, zoals stormen, overstromingen en droogtes. Rijstvelden 
veroorzaken ruim 10% van de mondiale methaanemissies en zijn hiermee een belangrijke 
anthropogene bron van methaanemissies. De huidige schatting is erg onzeker. Een 
betere mondiale schatting van methaanemissies uit rijstvelden zou kunnen helpen om het 
nut van technologieen die moeten leiden tot minder methaanuitstoot te evalueren. 
Bovendien zou een betere schatting voor rijstvelden de onzekerheid in de schattingen 
van andere methaanbronnen kunnen verminderen. De doelen van dit proefschrift zijn i) 
de ontwikkeling van een procesmatig veldschaalmodel dat kan worden gekoppeld aan 
een geografisch informatiesysteem (GIS) om regionale methaanemissies uit rijstvelden te 
berekenen en te voorspellen en ii) de processen die leiden tot methaanemissies uit 
rijstvelden te begrijpen en te kwantificeren door experimenten uit te voeren en modellen 
te ontwikkelen. 
Hen procesmatig veldschaalmodel 
De temporele en spatiele variatde in gemeten methaanemissies is vaak groot en slecht 
begrepen. Bovendien zijn de processen die leiden tot methaanemissies vaak niet-lineair. 
Empirische en correlatieve modellen hebben om deze redenen maar een beperkte 
toepasbaarheid en extrapoleerbaarheid. Het ontwikkelde veldschaalmodel is daarom op 
de onderliggende processen gebaseerd. Echter, een koppeling aan een GIS vereist ook 
dat het aantal noodzakelijke inputparameters tot een minimum wordt beperkt en 
bovendien dat de inputparameters algemeen beschikbaar zijn. Om dit te bereiken, zijn de 
processen die leiden tot methaanemissies -hieronder uitgebreider behandeld-
vereenvoudigd. Een cruciale stap in de vereenvoudiging was de verdeling van rijstgrond 
in een rhizosfeer -grond onder directe invloed van plantenwortels- en een bulkgrond 
zonder invloed van planten. Deze onderverdeling maakte vereenvoudiging van de 
procesbeschrijvingen mogelijk. 
Het veldschaalmodel is gevalideerd met onafhankelijke veldmetingen van 
methaanemissies uit rijstvelden in de Filipijnen, China en Indonesie. Het model was goed 
in staat om zowel de dynamiek in methaanemissies als de totale seizoensemissies te 
voorspellen met slechts enkele inputparameters en is behalve voor verschillende lokaties 
ook getest voor verschillende seizoenen en voor verschillende toevoegingen van 
meststoffen. De standaarddeviatie ten opzichte van de metingen was minder dan 10% en 
was daarmee nauwkeuriger dan andere modellen. Een gevoeligheidsanalyse van het 
model toonde aan dat de modelaannames redelijk waren en dat het expliciet 
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onderscheiden van de rhizosfeer noodzakelijk was voor een goede voorspelling van 
methaanemissies. 
De nauwkeurigheid van het veldschaalmodel werd bepaald door de variabiliteit en 
onnauwkeurigheid van de processen die leiden tot methaanemissies in combinatie met de 
gevoeligheid van emissies voor die onderliggende processen. Het veldschaalmodel was 
niet zo gevoelig voor de manier waarop methaanproduktie of methaantransport werd 
beschreven. Het was echter wel heel gevoelig voor de beschrijving van het vrijkomen van 
substraat voor methaanproduktie. De hoeveelheid substraat die vrijkomt was echter 
slecht bekend. De gekozen beschrijving voor het vrijkomen van substraat lijkt een 
belangrijke reden voor de nauwkeuriger schattingen van methaanemissies door het 
gepresenteerde veldschaalmodel ten opzichte van andere modellen. 
Hetproces van methaanproduktie 
In een zuurstofloze grond worden, in plaats van zuurstof, alternatieve electron 
acceptoren gereduceerd. Incubatie-experimenten met bodemslurries uit rijstvelden 
toonden aan dat eerst nitraat werd gereduceerd, gevolgd door ijzer- en sulfaatreductie en 
methaanproduktie. Er trad vooral substraatcompetitie -voor acetaat en H2 /C02- op 
tussen sulfaatreducerende en methaanproducerende microorganismen. Alle processen 
verliepen sneller bij hogere temperatuur, maar de mate waarin verschilde per proces. 
Methaanproducerende microorganismen kwamen in een competitief voordeel bij hogere 
temperaturen. Dit zou verklaard kunnen worden door een verandering in affiniteit voor 
acetaat met temperatuur. Incubatie-experimenten toonden tevens aan dat organische 
electron acceptoren niet van belang zijn in rijstvelden. 
Op basis van deze en aanvullende experimenten, waarin extra electronacceptoren of 
electrondonoren waren toegevoegd, is een mechanistisch model ontwikkeld dat de 
competitie voor substraat, maar ook inhibitie-effecten en chemolithotrofe redox reacties 
-reacties zonder koolstofbron- analyseerde. In het model werden de maximale 
omzettingssnelheden gecalibreerd met incubatie-experimenten. Alle andere 
parameterwaarden werden uit gepubliceerde gegevens afgeleid. Het model werd 
gevalideerd met incubatie-experimenten waarin extra electron donoren of electron 
acceptoren waren toegevoegd. De verschillen tussen model en experiment waren niet 
significant en er werd geconcludeerd dat het model adequate procesbeschrijvingen had. 
Een gevoeligheidsanalyse van het model toonde aan dat het model gevoelig was voor 
schattingen voor de maximale omzettingssnelheid en voor beschrijvingen voor het 
vrijkomen van substraat, hetgeen de gevoeligheid van het veldschaalmodel hiervoor 
verklaart. Inhibitie van methaanproduktie en sulfaatreductie door ijzer gaf een verklaring 
voor de ophoping van acetaat aan het begin van incubaties. 
Hetproces van gastransport 
Eenmaal geproduceerd methaan diffundeert via de bodem en de plant naar de atmosfeer. 
De snelheid waarmee dit gebeurt is onderzocht met experimenten waarbij het transport 
van het inerte gas SF6 werd gevolgd door gronden met en zonder rijstplanten d.m.v. 
fotoacoustische detectietechnieken. Deze experimenten werden gebruikt om een 
mechanistisch diffusiemodel voor gastransport door een overstroomd rijstsysteem te 
valideren. De benodigde parameterwaarden voor dit model werden geschat op basis van 
gepubliceerde gegevens en uit experimenten die onafhankelijk van de validatie-
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experimenten werden uitgevoerd. Het diffusieverloop van SF6 kon redelijk goed worden 
voorspeld door het mechanistische model. Het model toonde duidelijk aan dat diffusie 
door de bodem de limiterende factor is in het gastransport door het bodem-plant 
systeem, wat verklaart waarom veel methaan via de rijsplant wordt geemiteerd. Binnen de 
plant was de overgang tussen wortel en spruit de meest limiterende factor voor 
gastransport. De snelheid van gastransport werd vooral bepaald door de 
diffusiecoefficient en door de wortelverdeling over de diepte. 
Hetproces van methaanoxidatie 
Voordat methaan de atmosfeer bereikt, kan het geoxideerd -geconsumeerd- worden in 
zuurstofbevattende lagen van de bodem. De toplaag van de grond en de waterlaag erop 
is zuurstofhoudend. Van deze laag is de methaanoxidatie vrij goed bekend. De rijst 
rhizosfeer is ook zo'n zuurstofbevattende zone. Methaanoxidatieschattingen voor deze 
zone zijn echter heel variabel. Verschillende experimenten en beschouwingen hebben 
aangetoond dat methaanoxidatie in de rhizosfeer zuurstofgelimiteerd is. Daarom zijn 
bodemincubatie-experimenten uitgevoerd en zijn tellingen van zuurstofconsumerende 
bacterien verricht. De aantallen methaanoxiderende bacterien waren zowel temporeel als 
spatieel sterk variabel. Deze experimenten hebben ook aangetoond dat chemische 
ijzeroxidatie, microbiele heterotrofe respiratie en microbiele methaanoxidatie de 
belangrijkste zuurstofconsumerende processen waren in de rijstrhizosfeer. De meest 
talrijke heterotrofe en methanotrofe bacterien zijn geisoleerd en gekarakteriseerd. De 
groei van deze bacterien onder koolstof- en zuurstoflimitaties is gekwantificeerd. 
Bovendien zijn competitie-experimenten tussen heterotrofen en methanotrofen 
uitgevoerd onder verschillende methaan- en zuurstoflimitaties. Deze experimenten 
toonden aan dat methaanoxidatie het alleen wint van heterotrofe respiratie bij lage 
zuurstof- en acetaatconcentraties. 
Op basis van de experimenten werd gehypothetiseerd dat methaanoxidatie niet heel dicht 
bij de rijstwortel zal plaatsvinden, omdat de methanotrofen dichterbij de wortel de 
competitie zouden verliezen van de heterotrofen. Om dit verder te onderzoeken, is er 
een mechanistisch model van de rijstrhizosfeer ontwikkeld. Dit model bevatte zowel 
reacties die leiden tot de produktie van acetaat, methaan en gereduceerd ijzer als reacties 
waarbij deze stoffen door zuurstofconsumptie worden geoxideerd. Daarnaast was er een 
pH-afhankelijke ijzeradsorptie in het model opgenomen en werd het diffuse transport 
van verschillende stoffen door de rhizosfeer en de rijstplant beschreven. Dit model kon 
goed de zuurstofafgifte door de rijstwortel voorspellen, alsmede concentraties van 
verschillende stoffen in de rhizosfeer. Dit model bevestigde de hypothese dat 
methaanoxidatie iets verder van de wortel af zal plaatsvinden. Methaanoxidatie-
schattingen waren lager dan veelal gepresenteerd en waren bovendien sterk afhankelijk 
van de opgegeven condities. Die condities betroffen vooral de zuurstofconcentratie en 
andere parameters die de competitie tussen methaanoxidatie en chemische ijzeroxidatie 
beinvloeden. Daarnaast bleek dat er geen evenwicht in de rhizosfeer kan worden bereikt 
in de korte periode dat een wortel een bepaalde plek in een bodem beinvloedt, 
aannemende dat alleen de worteltop zuurstof uitscheidt en dat de worteltop zich door 
wortelgroei door de bodem verplaatst. Door wortelgroei ontstond een dynamisch 
systeem dat leidde tot een grote variabiliteit in methaanoxidatie. Dit betekende tevens dat 
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methaanoxidatieschattingen anders waren als ze werden uitgedrukt per eenheid methaan 
verdwenen uit de rhi2osfeer dan wel per eenheid methaan geproduceerd in de rhizosfeer. 
Bruikbaarheid van het veldschaalmodel 
De mechanistische studies hebben de dynamiek van het systeem aangetoond en hebben 
bijgedragen aan een beter begrip van de onderliggende processen. Dit begrip kon 
gebruikt worden om de vereenvoudigingen in het veldschaal model te evalueren. In het 
veldschaalmodel was aangenomen dat substraat direct werd geconsumeerd en dat de 
volgorde van de reductie bepaald werd door de redoxsequentie. Die vereenvoudigingen 
leidden tot een overschatting van methaanproduktie als er relatief veel substraat was en 
tot een onderschatting als er veel alternatieve electron acceptoren waren. De verschillen 
waren over het algemeen echter vrij gering. In het veldschaalmodel werd aangenomen 
dat methaan binnen enkele uren vanuit de rhizosfeer in de atmosfeer kwam. Dit werd 
bevestigd door het mechanistische transportmodel. In de bulkgrond werd het transport 
bepaald door transport van gasbellen dat helaas niet onderzocht kon worden met een 
diffusiemodel, waardoor er geen vergelijking gemaakt kon worden. Tenslotte konden de 
methaanoxidatieschattingen met elkaar worden vergeleken. Volgens het mechanistische 
rhizosfeer model werd er minder methaan geoxideerd dan in het veldschaalmodel werd 
aangenomen. Daar staat echter tegenover dat in het veldschaalmodel de recycling van 
alternatieve electron acceptoren was genegeerd. Deze verwaarlozingen heffen elkaar op, 
omdat ze binnen de electronenbalans tegen elkaar wegvallen. Al met al was het 
veldschaalmodel in staat om met weinig inputparameters methaanemissies zeer redelijk te 
voorspellen. 
Het veldschaalmodel is dus in principe geschikt om in combinatie met GIS regionale 
methaanemissies te schatten. Om tot regionale emissieschattingen te komen, moest 
echter ook voldaan worden aan een aantal andere voorwaarden. De inputparameters 
moesten goed afgeschat kunnen worden. Dat was niet voor alle inputparameters altijd 
het geval. Daarnaast leidde de noodzaak van data-interpolatie tot fouten. Deze 
foutenbron kon beperkt worden door een juiste interpolatietechniek en semivariogram te 
kiezen. Het verlies aan informatie over heterogeniteit leidde echter alsnog tot 
schaaleffecten in schattingen van regionale methaanemissies in een case study voor het 
eiland Java. Schaaleffecten traden ook op als grovere dataresoluties werden gekozen. 
Dergelijke schaaleffecten worden regelmatig genegeerd in opschalingsstudies en kunnen 
leiden tot onnauwkeurige emissieschattingen. In opschalingsstudies zal, mede door het 
beschikbaar gekomen veldschaalmodel, niet langer modelkwaliteit maar de 
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